LABEL FREE CHEMICAL IMAGING REVEALS NOVEL METABOLIC
SIGNATURES IN LIVING MODEL ORGANISMS
by
Jing (Andy) Chen
A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

Department of Biological Sciences
West Lafayette, Indiana
August, 2018

ii

iii

To my dear parents:
Mr. Youping Chen and Mrs. Fuqin Gong Chen,
without whose support and love this dissertation would be impossible.

iv

ACKNOWLEDGMENTS

I would like to thank the invaluable mentorship I received from my advisor Dr. Ji-Xin Cheng. His
desire for new discovery, exuberant passion for science and devotion to his career make him an
ever-lasting role model for me to learn from. His is critical scientifically yet encouraging and
readily supportive in life. I feel very fortunate to find him as my Ph.D. mentor.
I would like to thank my co-advisor Dr. Edward Bartlett, who helped me at a very desperate time
of my career and life. His suggestion and encouragement help me through the darkest days of
transition. My Ph.D. study is impossible without his support. I deeply thank him for all he has done
to help me.
I would also like to express sincere gratitude to my other committee members: Dr. Daniel Suter
and Dr. Ignacio Camarillo, without whose constructive criticisms and priceless advices, my thesis
research would have been much less significant and creative.
I would like to say thank-you to my colleagues for contributing their expertise to helping my
project: Dr. Junjie Li for inspirational discussions on biological parts of my projects; Kai-chih
Huang for collaborative work on transient absorption imaging; Pu-ting Dong for helping with βhematin crystal synthesis and transient absorption data analysis; Yimin Huang for scanning
electron microscopy of β-hematin crystal.
I sincerely thank my collaborators, without whom my projects could have gone nowhere. I thank
Dr. Sena Ozseker and Meng Wang (Baylor College of Medicine) for providing valuable expertise
on C. elegans aging and metabolic studies, generously sharing dozens of related C. elegans mutant
strains and huge efforts into refining the final manuscript of our collaborated project. I thank Dr.
Xiaojing Yuan and Dr. Iqbal Hamza (University of Maryland) for training on C. elegans handling
and heme diet manipulation, as well as providing important C. elegans mutants, RNAi strains and
help with manuscript revision. I also thank Dr. Selena Bopp and Dr. Robert Summers (Harvard
University) for generously sharing Plasmodium falciparum samples and inspiring discussions.
I would like to thank Yao Liu, Alix McCloskey, Dr. Delong Zhang, Dr. Hyeon Jeong Lee and
Peng Lin for being my best friends in graduate school. Without you, my life in graduate school
would be boring and dull.

v
At last, I would like to apologize to my dear parents that I had to leave them for years to pursue
this advanced degree in a country which cannot be less foreign and far away from them. I am such
a lucky person to have their unconditional love, care and sacrifice. I love you.
Thank you for reading.

vi

TABLE OF CONTENTS

LIST OF FIGURES ....................................................................................................................... ix
LIST OF ABBREVIATIONS ........................................................................................................ xi
ABSTRACT ................................................................................................................................. xiii
CHAPTER 1. INTRODUCTION ................................................................................................... 1
1.1 Caenorhabditis elegans is an important model organism in biological sciences ............... 1
1.1.1 Caenorhabditis elegans – the worm of elegance ..................................................... 1
1.1.2 C. elegans – the powerful model organism ............................................................. 2
1.2 Retinoids: Vitamin A and its derivatives ............................................................................ 4
1.2.1 Retinoids are important vitamins ............................................................................. 4
1.2.2 Imaging retinoids is challenging .............................................................................. 4
1.3 Heme – the essential iron protoporphyrin ........................................................................... 5
1.3.1

Heme is an essential cofactor in metazoans ............................................................ 5

1.3.2

Heme trafficking in metozoan ................................................................................ 7

1.3.3

Helminthiasis .......................................................................................................... 7

1.3.4 Heme imaging with fluorescent sensors ................................................................... 8
1.4 Malaria ............................................................................................................................. 10
1.4.1 Malaria – a huge challenge to public health ........................................................... 10
1.4.2 Hemozoin crystal and its mimic – β-hematin ......................................................... 11
1.4.3 Microscopic imaging of hemozoin ......................................................................... 12
1.5 Stimulated Raman Scattering Microscopy........................................................................ 13
1.5.1 Principle of stimulated Raman scattering microscopy............................................ 13
1.5.2 Hyperspectral SRS microscopy .............................................................................. 14
1.5.3 Application of SRS microscopy in biology and translational medicine ................. 15
1.6 Transient absorption imaging and its applications ............................................................ 17
1.6.1 Transient absorption microscopy ............................................................................ 17
1.6.2 Application of TA imaging .................................................................................... 19
1.6.3

Phasor analysis of time-resolved TA imaging data .............................................. 20

1.7 Summary ........................................................................................................................... 21
CHAPTER 2. MATERIALS AND METHODS .......................................................................... 22

vii
2.1 Single-frequency SRS microscopy ................................................................................... 22
2.2 hyperspectral SRS microscopy ......................................................................................... 22
2.3 Transient absorption microscopy ...................................................................................... 22
2.4 Spontaneous Raman spectroscopy .................................................................................... 24
2.5 LC/MS/MS........................................................................................................................ 24
2.6 C. elegans husbandry and handling .................................................................................. 24
2.7 Cell culture ........................................................................................................................ 25
2.7 Conditioned plate preparation ........................................................................................... 25
2.8 Lifespan assay ................................................................................................................... 25
2.9 Dauer induction and maintenance ..................................................................................... 26
2.10 Quantification and statistical analysis ............................................................................. 26
2.11 Two-photon excitation fluorescence ............................................................................... 27
2.12 β-hematin synthesis ......................................................................................................... 27
2.13 Malaria culture and fixation ............................................................................................ 27
2.14 Scanning electron microscopy ........................................................................................ 28
CHAPTER 3. HYPERSPECTRAL SRS IMAGING REVEALS RETINOID MEDIATES
SURVIVAL VIA LIPID METABOLISM.................................................................................... 29
3.1 Synopsis ............................................................................................................................ 29
3.2 Results ............................................................................................................................. 29
3.2.1 Hyperspectral SRS analysis of C. elegans reveals retinoid ..................................... 29
3.2.2 Vitamin A feeding leads to increased retinoid accumulation determined by SRS
microscopy ............................................................................................................................ 31
3.2.3 Retinoid depletion and supplement change retinoid accumulation accordingly as
determined by SRS microscopy ............................................................................................ 32
3.2.4

SRS quantification result was confirmed by LC/MS/MS ..................................... 33

3.2.5

Retinoid level increases as C. elegans develops ................................................... 34

3.2.6

Retinoid level mirrors lipid stores in dauers ......................................................... 34

3.2.7

Retinal slows down the depletion of lipid consumption in dauers ....................... 36

3.2.8

Retinal supplement rescues the short lifespan induced by 2% glucose ................ 37

3.2.9

Lipid desaturation couples the lifespan rescue by retinal supplement .................. 38

3.3 Discussions ....................................................................................................................... 39

viii
CHAPTER 4. TRANSIENT ABSORPTION MICROSCOPY IMAGING OF HEME
DYNAMICS IN LIVING ORGANISMS ..................................................................................... 41
4.1 Synopsis ............................................................................................................................ 41
4.2 Results ............................................................................................................................. 41
4.2.1

Demonstrating TA imaging as valid method for in vivo heme imaging ............... 41

4.2.2

Characterization of TA microscopy for in vivo heme imaging............................. 45

4.2.3

TA imaging of heme dynamics in C. elegans intestine cells ................................ 48

4.2.4

Heme was stored in lysosomal related organelles in C. elegans .......................... 50

4.2.5

TA microscopy reveals the distribution of heme in different tissues ................... 51

4.2.6

TA microscopy detects endogenous heme in mammalian cells ........................... 53

4.3 Discussions ....................................................................................................................... 53
CHAPTER 5. TA MICROSCOPY IMAGING OF HEMOZOIN IN MALARIA ....................... 55
5.1 Synopsis ............................................................................................................................ 55
5.2 Results ............................................................................................................................. 55
5.2.1

Synthesis and quality control of β-hematin in vitro .............................................. 55

5.2.2

Time-resolved TA imaging and phasor analysis differentiate hematin from red

blood cells ............................................................................................................................. 56
5.2.3

Single-shot TA microscopy differentiates β-hematin from red blood cell

background ............................................................................................................................ 57
5.2.4

TA imaging differentiates natural hemozoin from red blood cells ....................... 58

5.3 Discussion ......................................................................................................................... 59
CHAPTER 6. FUTURE PERSPECTIVES .................................................................................. 60
6.1 The function of retinoids in C. elegans dauer physiology ................................................ 60
6.2 The molecular mechanism of retinoids in dauer physiology and survival ....................... 61
6.3 Potential applications of TA microscopy in heme trafficking .......................................... 61
6.4 Further improving the sensitivity of TA microscope ........................................................ 63
REFERENCES ............................................................................................................................. 64
VITA ............................................................................................................................................. 79

ix

LIST OF FIGURES

Figure 1.1 Morphology, stages and anatomy of C. elegans.............................................................1
Figure 1.2 Heme structure and heme homeostasis in C. elegans and animal cells..........................6
Figure 1.3 ZnMP and fluorescent heme sensors. .............................................................................9
Figure 1.4 Epidemiology and life cycle of malaria........................................................................10
Figure 1.5 Structure of β-hematin ..................................................................................................12
Figure 1.6 Microscopic imaging of hemozoin crystal ...................................................................13
Figure 1.7 Molecular vibration and Raman scattering...................................................................14
Figure 1.8 Raman spectra of biological molecules in fingerprint region. .....................................15
Figure 1.9 Applications of SRS microscopy..................................................................................16
Figure 1.10 Transient absorption microscopy basics. ....................................................................18
Figure 2.1 Scheme of TA microscope. ..........................................................................................23
Figure 3.1 Hyperspectral SRS imaging identified retinoids storage in C. elegans........................30
Figure 3.2 Comparison of retinoids in control and vitamin A fed worms. ....................................31
Figure 3.3 dietary manipulation of vitamin A mirrors SRS signal change ....................................32
Figure 3.4 LC/MS/MS quantification of individual retinoid species. ...........................................33
Figure 3.5 SRS quantification of retinoids in different development stages of worms. ................34
Figure 3.6 SRS quantification of retinoids and lipids in dauers. ...................................................35
Figure 3.7 Retinoids and lipid in dauers with retinal supplement. ................................................37
Figure 3.8 Lifespan assays of worms at various conditions. .........................................................38
Figure 3.9 SRS quantification of lipid unsaturation level in glucose fed worms. .........................39
Figure 4.1 Transient absorption microscopy for in vivo imaging of heme in C. elegans. ............43
Figure 4.2 TA detection sensitivity, spatial resolution, and bio-compatibility for in vivo heme
imaging ..........................................................................................................................................47
Figure 4.3 Real-time TA imaging of heme granule dynamics in live C. elegans..........................49

x
Figure 4.4 Multimodal imaging identifies subcellular heme stores in C. elegans .........................50
Figure 4.5 TA mapping of tissue distribution of heme inside C. elegans. ....................................52
Figure 4.6 TA imaging of endogenous heme in live mammalian cells .........................................53
Figure 5.1 Validating the quality of synthesized β-hematin. .........................................................55
Figure 5.2 Time-resolved TA imaging of β-hematin and red blood cell mixture. ........................57
Figure 5.3 TA microscopy imaging of β-hematin and red blood cell mixture. .............................58
Figure 5.4 TA imaging of natural hemozoin. ................................................................................58

xi

LIST OF ABBREVIATIONS

ALDH

Aldehyde Dehydrogenase

AMPK

5' AMP-activated Protein Kinase

AOM

Acoustic-Optical Modulator

ATGL

Adipose Triglyceride Lipase

CARS

Coherent Anti-stokes Raman Scattering

CDC

Center for Disease Control and prevention agency

CDK-6

Cyclin-Dependent Kinase-6

DV

Digestive Vacuole

ECFP

Enhanced Cyan Fluorescent Protein

ESA

Excited State Absorption

EYFP

Enhanced Yellow Fluorescent Protein

FLIM

Fluorescence Lifetime Imaging Microscopy

FRET

Fluorescence Resonance Energy Transfer

GSD

Ground State Depletion

HRG

Heme-Response Gene

HRP

Horseradish Peroxidase

NHR

Nuclear Hormone Receptor

PTEN

Phosphatase and Tensin homolog

PI3K

Phosphatidylinositol-4,5-bisphosphate 3-kinase

RAR

Retinoic Acid Receptor

xii
RNAi

RNA inteference

RXR

Retinoid X Receptor

SE

Stimulated Emission

SRG

Stimulated Raman Gain

SRL

Stimulated Raman Loss

SRS

Stimulated Raman Scattering

SWNT

Single-Walled Carbon Nanotubes

TA

Transient Absorption

THG

Third Harmonic Generation

UTR

Untranslated Region

WT

Wild Type

YAP

Yes-Associated Protein

ZnMP

Zinc Mesoporphyrin

xiii

ABSTRACT

Author: Chen, Jing. Ph.D.
Institution: Purdue University
Degree Received: August 2018
Title: label free chemical imaging reveals novel metabolite signatures in living model organisms
Major professor: Ji-Xin Cheng

Cell and molecular biology often need direct monitoring of the dynamic distribution and
interactions of metabolites in living cells and model organisms. However, this task is extremely
challenging for a few reasons. Labeling metabolites with markers can potentially interrupt the
dynamic cellular events that are aimed to be observed. Moreover, labeling dyes are usually toxic
to cells. Lastly, many labeling methods require cell fixation thus cannot be used to study cellular
dynamics. Label-free chemical imaging methods such as stimulated Raman scattering (SRS)
circumvent these problems by generating signals based on the intrinsic optical property of target
biological metabolites. As a result, label-free chemical imaging methods provide huge potential to
make new biological discoveries which are not possible with traditional imaging technologies.

This Ph.D. thesis work focuses on applying two label-free chemical imaging methods – SRS and
TA microscopy – to studying dynamics of metabolites. In detail, the dynamic distribution of
retinoids in C. elegans was studied using SRS microscopy, and it was found that retinoids help C.
elegans survive high glucose stress. In the second part of this thesis work, TA microscopy was
introduced to image heme, a metabolite invisible to biologists for decades. The dynamic
distribution and trafficking of heme was revealed in C. elegans model. In the last part of this thesis
work, TA microscopy was expanded to monitoring the growth of hemozoin crystal in malaria
parasite at different stages of infection, demonstrating TA microscopy as a powerful tool for
studying hemozoin metabolism and anti-malaria drug screening.
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CHAPTER 1. INTRODUCTION

1.1

Caenorhabditis elegans is an important model organism in biological sciences

1.1.1 Caenorhabditis elegans – the worm of elegance
Caenorhabditis elegans is a ubiquitously distributed transparent roundworm. It is free-living and
grazes on bacteria. New hatchlings of C. elegans are around 0.3 mm long, while the adults are
usually about 1 mm (Girard et al., 2007a). The size of C. elegans makes it convenient to handle in
lab settings because a stereoscope is readily enough for monitoring it (Fig 1.1a). The lifespan

a

b

c

Figure 1.1 Morphology, stages and anatomy of C. elegans.
a. View of C. elegans adult, larvae and eggs under stereoscope. b. C. elegans of different
development stages. c. lateral anatomical view of C. elegans hermaphrodite. DNC: dorsal nerve
cord; VNC: ventral nerve cord. Panel a was adapted from Goldstein, panel b was from Chalfie et
al. 2015, panel c from Altun et al. 2002-2015.
of C. elegans is around 3 weeks. At 20 ℃, it takes about 16 hours for C. elegans eggs to hatch.
New hatchlings go through 4 developmental stages, designated as L1-L4 before they reach
adulthood (Fig 1.1b). L1 stage is about 16 hours, while the other stages are about 12 hours. After
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entering adulthood, C. elegans can keep laying eggs for 2-3 days until they deplete their germlines.
Under unfavorable conditions such high temperature, scarcity of food, overpopulation and
oxidative stress etc., L2 worms can enter a dormant state called dauer. Dauer larvae does not feed
nor grow. It keeps a very low metabolism rate and has strong stress resistance. Dauer larvae can
survive a few months, during which it can return to normal development program when the
environment turns favorable. Despite the simplicity, C. elegans has tissue structures including
pharynx, intestine, hypodermis, nervous system, muscle, and reproductive region (Fig 1.1c), which
makes C. elegans a better representative system for modeling development and disease.
1.1.2 C. elegans – the powerful model organism
C. elegans can be classified into hermaphrodite and male based on sex. Hermaphrodite can selffertilize and reproduce; while male worms, which take up about 0.2% of the total population, can
only mate with hermaphrodites. The fact that most of the C. elegans population can self-fertilize
and reproduce simplifies the genetic manipulation of C. elegans. This is because any mutation
introduced by mutagens can be preserved and propagated in large numbers of progenies. In
addition, the short life cycle of C. elegans makes genetic engineering of C. elegans much faster
than using other model organisms. It was due to these very advantages that Sydney Brenner
introduced C. elegans as a genetic model organism to study developmental process and
neurobiology several decades ago. (Brenner, 1974).
C. elegans adult has a small, invariant number (~1000) of somatic cells. As a result, it is feasible
for biologists to establish the complete lineage of the cells over development in C. elegans
(Brenner, 1974, Corsi et al., 2015). Taking advantage of this model, Sulston et al. and Kimble et
al., identified the lineages of muscular, hypodermal, neuron and digestive tissues of
hermaphrodites and male worms (Sulston and Horvitz, 1977, Kimble and Hirsh, 1979, Sulston et
al., 1983).
C. elegans is the first multicellular organism in which the genome has been fully sequenced. The
genome of C. elegans bears around 40% similarity with human genome (Shaye and Greenwald,
2011); most of disease-related human genes have orthologs in C. elegans (Kaletta and Hengartner,
2006). Therefore, C. elegans has been extensively used in a broad spectrum of fields in biological
research such as disease modeling, aging, development, neuroscience and drug screening
(Labrousse A. and Ewbank, 2000, Kaletta and Hengartner, 2006).
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Many textbook-documented discoveries were enabled by C. elegans model. Notably, Hedgecock
et al., discovered that ced-1 and ced-2 mutations can block the programmed cell phagocytosis in
C. elegans (Hedgecock et al., 1983). Three years later, Ellis et al., reported ced-3 and ced-4 are
needed for triggering the programmed cell death in C. elegans (Ellis and Horvitz, 1986). The
encoded proteins of ced-3 and ced-4 were identified and characterized subsequently, which reveals
the mechanism of apoptosis (Yuan and Horvitz, 1992, Yuan et al., 1993). C. elegans model also
enabled the discovery of the first microRNA and its targets. In 1993, Lee et al., found that two lin4 transcripts, which were about 22 and 61 nucleotides long, were complementary to the 3’
translational region of lin-14 mRNA. This suggests the existence of translational regulation by
anti-sense RNA-RNA interaction (Lee et al., 1993). Later, it was demonstrated that experimentally
introducing double stranded RNA can silence target gene expression by base-pairing with target
mRNA (Fire et al., 1998).
C. elegans has been used to model various diseases (Markaki and Tavernarakis, 2010). There are
several C. elegans model for a number of neurodegenerative diseases, including Alzheimer’s
disease (Link, 2006, Wu et al., 2010), tauopathy (Kraemer et al., 2006), Parkinson’s disease
(Hamamichi et al., 2008), polyglutamine-expansion disorders (Caldwell et al., 2003) and
Amyotrophic lateral sclerosis (Oeda et al., 2001). Other diseases for which C. elegans has been
used as model includes stroke (Artal-Sanz et al., 2006), muscle-associated disorders (Nyamsuren
et al., 2007, Catoire et al., 2008) and cancer (Siddiqui et al., 2008). Since C. elegans can model
disease, it has been extensively used in drug screening as well (Gosai et al., 2010).
C. elegans is also a perfect model to study metabolism and aging, since its lifespan is much shorter
compared with other models such as mouse. In addition, the genetics of C. elegans is very
convenient to manipulate (Corsi et al., 2015). In 1980s, age-1 was reported as the first lifespanelongating mutant (Klass, 1983, Friedman and Johnson, 1988). Age-1 was then found to be the
analog of phosphoinositide 3-kinase (PI3K) in animals (Morris et al., 1996), which is an important
member of insulin signaling pathway. In 1993, another member of insulin-like signaling pathway
– daf-2 – was identified to regulate the lifespan of C. elegans (Kenyon et al., 1993). The lifespan
elongation effect of daf-2 mutation is depend on daf-16 (Kenyon et al., 1993), the analog of
Forkhead box O (FOXO) (Ogg et al., 1997). Daf-2 encodes a membrane Tyrosin-kinase analogous
to insulin/IGF receptor, and functions by inhibiting the activity of daf-16 (Ogg et al., 1997). It was
later elucidated that age-1, daf-2 and daf-16 belong to the same signaling pathway – insulin-like
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signaling pathway (Dorman et al., 1995, Paradis and Ruvkun, 1998), which orchestrates the
metabolism and lifespan of C. elegans.

1.2

Retinoids: Vitamin A and its derivatives

1.2.1 Retinoids are important vitamins
Retinoids consist of vitamin A and its derivatives. In biological organisms retinoids mainly exist
as retinal and retinoic acid and vitamin A (Vogel S., 1999). Animals obtain vitamin A from dietary
uptake and metabolize them to active forms of retinoids (Vogel S., 1999). Retinoids are stored in
lipid droplets in animal cells (Vogel S., 1999).
Retinoids are involved in a number of crucial biological processes such as cell differentiation,
development, immune defense, lipid metabolism and cancer progression (Means and Gudas, 1995,
Altucci and Gronemeyer, 2001, Stephensen, 2001, Blomhoff and Blomhoff, 2006, Gudas and
Wagner, 2011, Bonet et al., 2012). As a major cause of childhood blindness, retinoid deficiency
impairs photo-transduction and weakens the immune system, which answers for half of a million
children suffer each year around the world (Dickerson, 1996). Mechanistically, retinoic acid
receptor (RAR) and retinoid X receptor (RXR) are the two nuclear receptors which mediate the
function of retinoids in animals. Retinoids can bind to RAR/RXR dimer in the nucleus and
activates it. Upon activation, RAR/RXR dimer orchestrates the expression of a number of target
genes, which consequently execute physiological function of retinoids (Chambon, 1996). Notably,
it has been reported recently that retinoids can exert their cellular function through acting inside
the cytoplasm. (Dawson and Xia, 2012).
1.2.2 Imaging retinoids is challenging
Although retinoids are crucial for animals and have been studied for decades, there have been no
imaging tools which are capable of imaging retinoids directly in live cells. Retinoids are not selffluorescence, so they do not emit light when they are excited with visible light. No
chemiluminescent reactions have been known to be catalyzed by retinoids either. The molecular
weights of retinoids species are about 300 g/mol, which is much smaller than that of bulky
fluorescent dyes. Therefore, retinoids have been invisible to fluorescence microscopy.
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Recently, a paper reported using Coherent anti-Stokes Raman Scattering (CARS) microscope to
visualize the distribution of vitamin A in fixed liver tissues (Legesse et al., 2016). However, there
are two potential limitations, which restrict this strategy to liver tissues. Retinoids are so enriched
in liver tissues that imaging them in liver does not suffer from the non-resonant background of
CARS microscopy, but it is tricky when it comes to other tissues. Another limitation is that the
signal of CARS microscopy is unproportional to the concentration of the substrate, this
complicates the quantification of the substrate.
The shortage of proper imaging techniques for retinoids has hindered the understanding of the
spatiotemporal dynamics of retinoids at the sub-cellular resolution in living cells and organisms.

1.3

Heme – the essential iron protoporphyrin

1.3.1 Heme is an essential cofactor in metazoans
Heme, also known as iron protoporphyrin IX, is an essential factor covalently attached to many
proteins which participate in a broad spectrum of biological events. The important biological
processes in which heme is indispensable include oxygen and carbon dioxide transport, electron
transport, circadian clock control and gene regulation (Ponka, 1999, Tsiftsoglou et al., 2006, Yin
et al., 2007, Faller et al., 2007, Hamza and Dailey, 2012). In most metazoans, heme can be both
synthesized endogenously and acquired from exogenous sources (Hamza and Dailey, 2012). When
synthesized endogenously, it goes through an 8-step pathway in the eukaryotic mitochondria (Fig
1.2a); while the exogenous acquisition source is often iron-containing compounds (Severance and
Hamza, 2009). In C. elegans, the uptake of heme is through membrane transporters, after which
heme is distributed into different organelles via intracellular heme transporters (Fig 1.2b). Similar
scheme is found in animals as well (Fig 1.2c). However, our understanding of heme uptake and
intracellular hemostasis is far from complete due to the partial knowledge of heme transporters,
their regulations and mechanisms of action.
In mammals, defects in heme synthesis cause porphyrias and anemia (Tang et al., 2014, Fujiwara
and Harigae, 2015, Bissell et al., 2017). Therefore, it is important to study the uptake and transport
mechanism of heme in metazoans.

6

a

b
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Figure 1.2 Heme structure and heme homeostasis in C. elegans and animal cells.
a. Endogenous synthesis pathway of heme in metazoans. b. Heme trafficking hemostasis in C.
elegans. Heme is imported by HRG-4 into intestine cells, and undergoes intracellular transport via
HRG-1; heme excretion to other tissues is mediated by membrane transporter MRP-5 and HRG3; intracellular heme distribution in tissues other than intestine is depend on HRG-2. c. Heme
trafficking hemostasis in animal cells. Exogenous heme is imported through membrane transporter
FLVCR2; heme export is mediated by FLVCR1a; endogenous heme is synthesized in
mitochondrion and exported by FLVCR1b into ER, Golgi, Peroxisome, lysosome and cytoplasm.
Labile heme is likely to associate with proteins such as HBP22/23, SOUL, GSH S-transferase and
GAPDH. The labile heme chaperones are not well known. Panel a adapted from (Hamza and
Dailey, 2012); panel b and c from (Reddi and Hamza, 2016).
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1.3.2 Heme trafficking in metozoan
In animal cells, heme synthesis site is mitochondrion and heme storage site is lipid droplets.
However, hemoproteins exist in almost all cellular organelles. Therefore, heme must be relocated
from the site of synthesis or storage to other organelles. Free heme is toxic to cells because it
causes reactive oxygen species and interacts with lipid bilayer and proteins (Balla et al., 1991,
Wagener et al., 2001, Jeney et al., 2002). In addition, free heme is not soluble in water. Therefore,
it is unlikely that heme is transported and stored by in free heme form. There must be specific
molecular mechanism facilitating the uptake of heme and the trafficking of heme from synthesis
or storage site to the locations where it is needed.
Using C. elegans as genetic model, several heme transporters were identified. In 2008, Rajagopal
et al., reported HRG-1 and its paralogue HRG-4 as heme importer in C. elegans (Rajagopal et al.,
2008). In 2011, Chen et al., discovered that HRG-3 facilitates the transport of heme into oocytes
in C. elegans (Chen et al., 2011a). The next year, the same group identified HRG-2 as a one-way
heme transporter localized on the surface of hypodermis, facilitating the uptake of heme into
hypodermal cells (Chen et al., 2012). In 2014, Korolnek et al., found an ATP-binding
cassette transporter called MRP-5. The knockdown of MRP-5 leads to accumulation of heme in
intestine cells, and embryonic lethality. This phenomenon indicates that MRP-5 is a heme exporter
(Korolnek et al., 2014). Figure 1.3.1b shows a comprehensive picture of how heme transporters
conduce to homeostasis in C. elegans.
In animals, Chiabrando et al., found that feline leukemia virus subgroup C receptor 1b (FLVCR1b)
knockdown leads to heme accumulation and impaired erythroid differentiation, concluding that
FLVCR1b is an heme exporter located on the surface of mitochondrion (Chiabrando et al., 2012).
However, this is only the tip of the iceberg of the complete heme homeostasis regulation network
in animals (Fig 1.2c). Important mechanistic details are still lacking, as well as other players of
this complex network (Reddi and Hamza, 2016).
1.3.3 Helminthiasis
Helminthiasis is caused by infection of soil-transmitted parasitic roundworms and hookworms
(Crompton, 1999). There are 1.5-2 billion people affected by helminthiasis worldwide (Crompton,
1999, Pockros and Capozza, 2005). People in third world countries are the most affected
(Crompton, 1999). Helminths are transmitted by soil contaminated hands and food. The worms
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penetrate small bowel’s mucosa, and invade small bowel lymphatics or portal circulation before
migrating to liver. Helminths infection of liver is highly fatal. The pathogenesis mechanisms
include damage to liver tissue, inducing overactive immune response, nutritional deficiency
induced by worm burden and obstruction of hepatobiliary tract (Seltzer E, 1999, Pockros and
Capozza, 2005).
Studies in livestock and humans indicate an emerging drug resistance of helminths (De Clercq et
al., 1997, Reynoldson et al., 1997, Jackson and Coop, 2000, Albonico et al., 2004). In a randomized
trial with placebo control group in humans, the cure rate and egg reduction rate of mebendazole
against hookworms were 7.6% and 50.3% in 2003, much lower than that in 1994 (22.4% and 81.4%
respectively) (Albonico, 1994, Albonico et al., 2003). This challenge calls for discovery of new
drugs based on novel drug targets.
1.3.4 Heme imaging with fluorescent sensors
The significance of heme imaging is self-explanatory. In situ quantification of heme in live animals
or cells enables the genetic screening of heme-regulating genes, as well as drugs exerting effects
by these targets. More importantly, directly observing the localization provides information on
heme dynamics in living cells. Lastly, imaging the interaction of heme with other cell components
provides insights into the mechanism of heme transporters.
Since heme does not have auto-fluorescence, proper labeling is needed to introduce fluorescence
to it. The past two decades have seen several heme imaging methods developed. Zinc
mesoporphyrin (ZnMP) is a heme analog which, instead of a ferrous ion, has a zinc ion conjugated
to the porphyrin ring. When excited with green light, ZnMP emits fluorescence around 600 nm.
Due to the structural similarity between ZnMP and heme, ZnMP has been used to mimic the
quantification change and the distribution of heme (Fig 1.3a). It enabled the discovery of many
heme transporters in C. elegans (Rajagopal et al., 2008, Yuan et al., 2012, Chen et al., 2012,
Korolnek et al., 2014). There are 2 limitations of using ZnMP to mimic heme dynamics. There
were studies demonstrating that ZnMP is toxic to cells (Lutton et al., 1997, Lutton et al., 1999). In
addition, ZnMP does not have the biological activity of heme, thus there may be discrepancies
between their dynamics and interactive behaviors with other subcellular components. These two
disadvantages cast concerning doubt to the credibility of experimental result especially when it
comes to mechanistic study of heme transporters.
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Figure 1.3 ZnMP and fluorescent heme sensors.
a. Chemical structure of ZnMP (left) and heme (right). b. Heme sensor which FRETs upon heme
binding. IsdX1 NEAT and IsdC NEAT can bind to a molecule of free heme jointly. They were
each fused with the FRET donor – enhanced cyan fluorescent protein (ECFP) and receptor –
enhanced yellow fluorescent protein (EYFP) and linked by a — (GGS)n— linker; n varies from 316. c. Heme sensor whose fluorescence is quenched upon heme binding. Cyt b562 was fused with
enhanced green fluorescent protein (eGFP), which is further linked with another fluorescent
protein mKATE2. Labile heme can bind to Cyt b562 and undergoes resonant energy transfer with
eGFP, thus quenches the later. mKATE2 is unaffected by heme binding, therefore, it serves as an
internal control. d. HRP-based heme sensor. Labile heme can bind to horseradish peroxidase (HRP)
and potentiate the enzymatic activity of the later. An optimized HRP mutant is fused with various
subcellular localization sequence to target different cellular compartments. In assay, cells are fixed,
porated and stained with HRP substrates. Heme is quantified by comparing the readout with the
calibration curve. Panel b adapted from (Song et al., 2015); panel c from (Hanna et al., 2016);
panel d from (Yuan et al., 2016).
Another method for imaging heme in live cells bases upon the fact that the binding of heme either
weakens or enhances an engineered fluorescence resonance energy transfer (FRET) process (Fig
1.3b) (Song et al., 2015, Abshire et al., 2017). Hanna et al., engineered a genetically-encoded
fluorescence sensor which quenches upon associating with labile heme (Fig 1.3c) (Hanna et al.,
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2016). This strategy has advantages and disadvantages. The major advantage is that it is based on
fluorescence, which is sensitive. The disadvantage is that it can only detect labile heme. In addition,
the sensor will sequester part of the heme pool and introduce artifact to cells. Recently, a
subcellular sensor based on horseradish peroxidase (HRP) was reported (Yuan et al., 2016). The
mechanism of this sensor is that heme association potentiates the enzymatic activity of HRP (Fig
1.3d). This HRP-based sensor is sensitive enough to probe micromolar levels of free heme in
subcellular compartments (Yuan et al., 2016). It is a powerful tool to quantify the subcellular
distribution of heme in cells. The disadvantage of this method is it requires fixation. Therefore, it
cannot be applied to performing live cell imaging.

1.4

Malaria

1.4.1 Malaria – a huge challenge to public health
According to the statistics from the United States Center for Disease Control and Prevention
Agency (CDC), there were estimated over 400,000 people around the world died of malaria in
2016. Most of them are children under 5-year-old in sub-Saharan Africa and southeastern Asia
(Fig 1.4a). Malaria posts a huge challenge to public health.

a

b

Figure 1.4 Epidemiology and life cycle of malaria
a. Global distribution of malaria. b. Life cycle of malaria. Panel a was adapted from the official
CDC website; panel b from (Oaks, 1991).

11
Malaria is caused by the infection of protozoan genus Plasmodium (P.), including P. falciparum,
P. vivax, P. ovale, P. malariae and P. knowlesi, among which P. falciparum is the deadliest (Miller
et al., 2013). Malaria is transmitted by mosquito bites in the form of sporozoites (Fig 1.4b).
Sporozoites enter liver, develop and propagate into merozoites after 5-15 days. Merozoites then
enter blood stream and invade red blood cells, where they repeat the cycle of replicating, rupturing
and re-invading (Weissbuch, 2008). During red blood cell invasion stage, malaria produce toxic
side products such as hemozoin and glucose phosphate isomerase, which induces overactive
immune response. Malaria can invade vital organs such as brain by the sequestration and
circulation of red blood cells into these organs, which has high mortality.
The main lines of drugs include chloroquine, artemisinin, quinine and their derivatives. These
drugs act by doing one or several of the following: inhibiting the nucleation or growth of hemozoin
crystal, neutralizing the pH of digestive vacuole or inhibiting key enzymes (Bras, 2003). Recent
years have seen resistance developed against almost all lines of anti-malaria drug (WTO, 2007,
Bras, 2003). The mechanisms of resistance include failed uptake of drugs and mutation of drug
target enzymes (Bras, 2003). One strategy to fight anti-malaria drug resistance is using
combination of anti-malaria drug and antibiotics as treatment. For instance, it has been reported
that the addition of tetracycline or clindamycin to quinine improved the cure rates of
uncomplicated malaria infection by over almost 100% (Achan et al., 2011). However, emerging
malaria resistance calls for continuous screening for new drugs with increased efficiency.
1.4.2 Hemozoin crystal and its mimic – β-hematin
While parasitizing red blood cells, Plasmodium feeds on hemoglobin. Plasmodium digests over
70% of hemoglobin in the invaded red blood cells in a specialized structure called digestive
vacuole (DV). A byproduct of this digestion process is free heme, which is believed to be toxic to
Plasmodium. The parasite induces heme to undergo oxidation and become Fe3+-PPIX, which
forms dimer and precipitates into crystals sized from 0.5-2.0 microns (Fig 1.5a). This crystal,
known as hemozoin, is not toxic to Plasmodium. It deposits in the DV of Plasmodium (Fig 1.5b)
and becomes released into blood stream after the red blood cells rupture. Hemozoin is one of the
markers in malaria diagnosis. Besides de-toxification, some researchers believe that hemozoin
serves as the pool of iron and porphyrin for malaria parasites (Ziegler et al., 2001). Therefore, it is
not surprising that hemozoin is one of the most important drug targets of anti-malaria drugs. For
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instance, quinine, the major line of anti-malaria drug, acts by inhibiting hemozoin nucleation and
growth (Bray, 2005, Meshnick, 2002).

a

b

Figure 1.5 Structure of β-hematin
a. (a) Structure of heme; (b) the arrangement of β-hematin. b. Left panel: SEM image of
synthesized β-hematin; right panel: SEM image of natural hemozoin in malaria parasites. Hz:
hemozoin; DV: digestive vacuole; Nu: nucleus. Panel a was adapted from Weissbuch et al.,
(Weissbuch, 2008); panel b, left figure credit: Yimin Huang, Boston University (2017); right figure
was adapted from (Kapishnikov S, 2012).

Due to technical limitation, it is impossible to study hemozoin formation mechanism in vivo. In
vitro mechanistic study using hemozoin formation or drug screening, however, requires large
amount of rare material to start from, which is not economical. In addition, the enrichment and
purification process are labor-intense. Fortunately, man-made hemozoin, designated as β-hematin,
is remarkably cheaper and simpler to make than purifying hemozoin from malaria (Weissbuch,
2008). Thus β-hematin is often used instead for initial high-throughput drug screening (Sandlin et
al., 2014) and studying hemozoin formation mechanism in vitro (Egan et al., 2001).
1.4.3 Microscopic imaging of hemozoin
Hemozoin can be detected by a few microscopic technologies. In as early as 1983, Dark field
microscopy was applied by Jamjoom to image unstained blood films and detect malaria infection
(Jamjoom, 1983). Malaria-infected red blood cells showed bright illumination (Fig 1.6a). The next
year, Thaithong et al., applied differential interference contrast microscopy to characterize the
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isolates of P. falciparum (Thaithong et al., 1984). In 2008, Bélisle et al., reported using third
harmonic generation (THG) microscopy to detect hemozoin (Fig 1.6b), a signal to noise ratio of
around 1000 was claimed (Belisle et al., 2008). Five years later, Tripathy et al., from the same
group reported the optimization of THG for hemozoin imaging (Tripathy et al., 2013). They found
that the signal-to-noise ratio of hemozoin is dependent on the wavelength and power of the laser
source, as well as the size of hemozoin crystal. Based on the characterization, they concluded that
the optimal wavelength for hemozoin imaging is 1170 nm (Tripathy et al., 2013).

b

a

Figure 1.6 Microscopic imaging of hemozoin crystal
a. Hemozoin crystal detected in infected red blood cells. Magnification, X1,000. b. Overlay view
of THG (blue, hemozoin) and two photon fluorescence (red, red blood cell). Sample: red blood
cells infected with FCR-3 P. falciparum strain; laser wavelength: 1170 nm; laser power: 100 mW;
pixel dwell time: 5 μs. Panel a was adapted from Jamjoom (Jamjoom, 1983); panel b from
(Tripathy et al., 2013).
1.5

Stimulated Raman Scattering Microscopy

1.5.1 Principle of stimulated Raman scattering microscopy
The chemical bond vibrates (Fig 1.7a). Vibrating chemical bonds can have energy exchange with
light and cause either a blue shift (anti-Stokes) or red shift (Stokes) to it (Fig 1.7b top). This process
is called Raman scattering, which was discovered by C.V. Raman and K. S. Krishnan (Raman,
1928). Two years later, Raman won a Nobel Prize in physics for discovering this effect. The
amount of blue or red shift of the light varies with different type of chemical bond, creating a
spectroscopic fingerprint of the molecule. The Raman scattering process can speed up when a
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chemical bond interacts with two different photons whose energy difference equals the vibration
energy of the bond (Fig 1.7b bottom). This process is called stimulated Raman scattering, during
which the light with higher energy undergoes stimulated Raman loss (SRL), while the other light
undergoes stimulated Raman gain (SRG) (Woodbury, 1962, Terhune, 1965). Since different
chemical bond has signature peaks in Raman spectrum. Wavelengths of the two lights can be
chosen to match a specific signature peak, such that a specific molecule can be imaged.

a

b

Figure 1.7 Molecular vibration and Raman scattering.
a. Modes of C-H bond vibration. b. top: spontaneous Raman scattering; bottom: stimulated Raman
scattering. Panel a was reprinted from online source: https://www.youtube.com/
watch?v=_vggWQCnC2I ; panel b from (Zhang et al., 2013).

In 2007, the first stimulated Raman scattering (SRS) microscope was reported by Ploetz et al.,
(Ploetz, 2007). Since 2008, megahertz modulation of pico- and femto-second lasers has been
applied to SRS microscope, which lowering laser noise significantly and boasts the imaging speed
and sensitivity (Freudiger et al., 2008, Nandakumar, 2009, Ozeki, 2010, Zhang et al., 2011). Later,
high-content SRS has been developed, which will be introduced below.
1.5.2 Hyperspectral SRS microscopy
Raman shifts of biological molecules cluster at 1200-1800 cm-1 range called fingerprint region
(Movasaghi et al., 2007). Consequently, when one aims to image a certain molecule using a single
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Raman shift, he might end up finding the SRS signal is confounded by dozens of other Raman
shifts unless the target molecule has high concentration or strong inherent Raman signal. Fig. 1.8
is a simplified example of the case. To resolve this limitation, hyperspectral SRS microscopy was
developed (Zhang et al., 2013, Fu et al., 2013, Ozeki and K.; Itoh, 2012, Ozeki, 2012, Mansfield et
al., 2013, Fu et al., 2012, Liao et al., 2015, Liao, 2016, Alshaykh et al., 2017). In addition to images,
hyperspectral SRS microscopy also collects the spectrum of a narrow window such that signature
spectrum can be used as molecular identity. This high content SRS scheme solves the problem of
Raman shift overlap (Zhang et al., 2013).

Figure 1.8 Raman spectra of biological molecules in fingerprint region.
Raman spectra of lipid droplet, protein and water retrieved from the hyperspectral imaging data of
cells. Both protein and lipid droplet have broad peak around 1655 cm-1. Figure was adapted from
(Zhang et al., 2013).

1.5.3 Application of SRS microscopy in biology and translational medicine
Imaging small molecule metabolites is indispensable for a thorough understanding of many
questions in cell and molecular biology, However, this task is extremely challenging for a few
reasons. Labeling metabolites with markers can potentially interrupt the dynamic cellular events
that are aimed to be observed. Moreover, labeling dyes are usually toxic to cells. Lastly, many
labeling methods require cell fixation thus cannot be used to study cellular dynamics. SRS
microscopy can image molecules in label-free and non-invasive manner, thus circumvents all these
issues. Therefore, it has huge potential to study the dynamics and interactions of biomolecules in
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living cells and organisms, especially for small molecule metabolites. The past decade has seen
many advances in biological sciences and translational medicine enabled by SRS microscopy.
The combination of spontaneous Raman spectroscopy with SRS microscopy has opened a new
mode for cancer biology research. In the study of Yue et al., and Li et al., Raman spectroscopy
was used to identify metabolic signatures in cancer models, then SRS microscopy was applied to
characterizing the signatures at the single cell level and discover the underlying mechanism (Yue
et al., 2014, Li et al., 2017). Using this strategy, Yue et al., discovered that cholesterol ester is upregulated in malignant prostate cancer. Down-regulating of cholesterol ester can suppress the
malignancy of prostate cancer cells (Fig 1.9a) (Yue et al., 2014). In Li et al.’s work, Raman
spectroscopic study confirmed a positive correlation between lipid unsaturation level and cancer
cell stemness (Li et al., 2017). Knockdown of the lipid desaturase in ovarian cancer stem cells kills
stem cell sphere in vitro (Fig 1.9b).

a

b

c

d

Figure 1.9 Applications of SRS microscopy
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a. Diagrams showing cholesterol ester as therapeutics target of malignant prostate cancer. PTEN
(Phosphatase and tensin homolog) loss is associated with prostate cancer; PTEN inhibits
PI3K/AKT activity, which regulates cholesterol esterase: ACAT-1. RNA silencing of ACAT-1
induces apoptosis of prostate cancer cells by inhibiting cholesterol esterification. b. Lipid
unsaturation leads to ovarian cancer aggressiveness via NFκB pathway. ALDH+/CD113+ is a
marker for ovarian cancer stem cells. Ovarian cancer stem cells are enriched in unsaturated lipids,
which can be detected by SRS imaging using C=C-H peak around 3005 cm-1. In ovarian cancer
stem cells, NFκB transduces the signal of saturated lipid and upregulates desaturase, which
converts saturated lipids into unsaturated lipids. c. Hyperspectral SRS imaging and MCR analysis
reveals the distribution of lipids (red), lysosomal related organelles (green), protein (cyan) and
‘oxidized lipid’ (purple) in the first two pairs of intestine cells in C. elegans. d. SRS imaging and
H&E staining of coronal section of mouse brain; top: two-color SRS imaging using 2845 cm-1
(white matter and cortex) and 2930 cm-1 (tumor); bottom: H&E staining. Panel a was adapted from
Yue et al., (Yue et al., 2014); panel b from Li et al., (Li et al., 2017); panel c from Wang et al.,
(Wang et al., 2014); panel d adapted and re-sized from Ji et al., (Ji et al., 2013).

SRS microscopy is also powerful in single cell analysis. Li et al., used deuterated glucose and SRS
microscopy to direct observe lipogenesis in live cancer cells (Li and Cheng, 2014). Wang et al.,
analyzed multiple metabolites between wild type and daf-2 C. elegans (Fig 1.9c) (Wang et al.,
2014). Lee et al., investigated the cholesterol storage in live C. elegans (Lee et al., 2015). Karanja
et al., identified that lipogenesis is a biomarker of azole-resistant Candida albicans (Karanja et al.,
2017).
SRS microscopy has been applied in histology in translational research. In 2013 Ji et al.,
demonstrated using SRS microscopy to detect brain tumor in mouse brain surgery (Ji et al., 2013),
suggesting SRS imaging as an assisting tool for neurosurgeons to remove brain tumors completely.
Another study by Ji et al., demonstrated that SRS imaging can detect infiltrated brain tumor cells
(Fig 1.9d) (Ji et al., 2015), solidifying the potential of SRS as a neurosurgical imaging tool
mentioned earlier.

1.6 Transient absorption imaging and its applications
1.6.1 Transient absorption microscopy
The following was adapted from a publication (Chen et al., 2018) of which I am the first author.
Transient absorption (TA) microscopy (Wei and Min, 2012, Fischer et al., 2016, Dong and Cheng,
2017) allows for direct visualization and quantification of chromophores which have low
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fluorescence quantum yield. In principle, TA microscopy uses two-pulsed laser beams, one as
pump and the other as probe, to measure the excited state dynamics of a chromophore (Fig 1.10a).
Time-resolved TA microscopy takes a series of images of the specimen at various delays between
the pump and probe pulses. The decay rate of the TA signal describes how fast the molecule returns
to the ground state after being excited by the pump pulse. Since molecules with close structures
decay at similar but differentiable rates, the decay curve serves as a spectral signature to
differentiate these molecules otherwise unable to tell apart. The time difference by which probe
pulse reaches specimen after pump pulse does is designated as time delay. The time delay when
TA signal peaks is called zero-time-decay, which is usually when pump and probe pulse reach the
specimen at roughly the same time.

Figure 1.10 Transient absorption microscopy basics.
a. Scheme of transient absorption microscope. Green and red lines are pump and probe beam
respectively. Pump beam is modulated by an acoustic-optical modulator (AOM) at around 2.5
MHz. Probe beam goes through a motorized delay stage and combines with modulated pump beam.
The combined beam goes through objective and focus on specimen, after which the probe beam is
collected by oil condenser and detected by a photodiode, where the signal is converted into
electronic signal. The signal is extracted by a lock-in amplifier at the modulated rate. The image
stack is recorded and saved as .txt file in computer. Motorized delay stage can control how much
later (tau) after which probe arrives at the specimen after pump. Minus value indicates that probe
arrives earlier than pump. b. Scheme of 3 possible mechanisms during transient absorption. Panel
a and b are adapted from (Dong and Cheng, 2017). Left panel: excited state absorption; middle
panel: stimulated emission; right panel: ground state depletion. Please see main text for
mechanistic details.
There are 3 possible mechanisms in transient absorption process: excited state absorption (ESA),
stimulated emission (SE) and ground state depletion (GSD) (Dong and Cheng, 2017). Excited state
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absorption occurs when the probe beam energy matches the energy difference of the first electronic
state and certain higher state, such that chromophore will absorb both pump and probe beams and
reach high electronic state (Fig 1.10b left). During ESA, the probe beam will experience an
intensity loss when pump beam is on (Dong and Cheng, 2017). Stimulated emission occurs when
the energy of the probe beam matches the energy difference of the first electronic state and a
vibrational virtual state (Fig 1.10b middle). During ground state depletion, pump and beam
compete for ground state chromophore. GSD happens when the wavelength of pump and probe is
fair close (Fig 1.10b right). During SE and GSD, probe beam experience an intensity gain when
pump beam is on (Dong and Cheng, 2017).
1.6.2 Application of TA imaging
The following is adapted from a publication (Chen et al., 2018) of which I am the first author.
TA imaging was first reported in 1995 by Dong et al. (Dong et al., 1995) and since have been
applied broadly.
Warren group pioneered the development and application of TA imaging in translational medicine.
Fu et al., used 775 nm as pump laser to excite melanin and detect melanoma in dissected human
skin tissues (Fu et al., 2007). However, this method does not overcome one of the biggest
challenges in melanoma diagnosis: differentiating melanoma from melanocytic nevi. Melanocytic
nevus often causes false positive diagnosis because it contains same species of pigments
(eumelanin, pheomelanin and other unknown pigments) as melanoma. In 2011, Matthews et al.,
used TA microscopy and found that the ratio of eumelanin to pheomelanin increases significantly
in melanoma (Matthews et al., 2011). Using eumelanin-to-pheomelanin ratio as new diagnostic
standard alone 100% sensitivity and 75% specificity were reached (Matthews et al., 2011).
Combining with additional information such as tissue architecture and cell shape, the specificity
is further increased largely (Matthews et al., 2011). Very recently, Wilson and coworkers reported
TA measurement of total heme in adipose and heart frozen tissue sections (Domingue et al., 2017).
In biological sciences field, Min et al., demonstrated the application of exited absorption
microscopy – one type of transient absorption – to studying chromatophores which has strong
optical absorption, but with quantum yield so low that they are not detectable by fluorescence
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microscopy. They suggested the broad applications of excited absorption microscopy in imaging
biological molecules (Min et al., 2009).
In material science field, Hartland, Vallee, Orrit and coworkers applied TA microscopy to study
carrier dynamics in a variety of metal nanomaterials (Muskens et al., 2006, Staleva and Hartland,
2008). Specifically, Muskens et al., reported using transient absorption spectroscopy to study
silver nanospheres sized 20-30 nm. This enables the kinetic study of electron-phonon energy
transfer process at single nanoparticle precision (Muskens et al., 2006). Two years later, Staleva
et al., reported transient absorption imaging of single silver nanotube. The extinction spectrum of
single silver nanotube differs dramatically from that of the ensemble nanotubes, indicating the
extinction property of silver nanotubes is depend on micro-environment, and there is heterogeneity
in the nanotube population (Staleva and Hartland, 2008). Later, Gao, Cui and co-workers
employed TA microscopy to study metallic semiconducting single-walled carbon nanotubes
(SWNTs) (Gao et al., 2012, Gao et al., 2013, Cui et al., 2014). Tong et al., applied TA microscopy
to differentiating semiconducting and metallic carbon nanotube (Jung et al., 2010), and to visualize
graphene in biological systems (Li et al., 2015).
1.6.3

Phasor analysis of time-resolved TA imaging data

Time-resolved TA imaging data contains decay information at each pixel. Since different
chromophores decay differently, it is possible to assign each pixel to different species based on the
corresponding decay curves. However, time-resolved TA imaging data is not evident unless it is
processed by analysis methods.
Phasor analysis is one of the most useful methods used to process fluorescence lifetime imaging
(FLIM) data (Digman et al., 2008, Stringari et al., 2011, Fereidouni et al., 2012). It helps
differentiate a mixture of fluorophores based on their decay difference. In principle, for time
resolved-images, each pixel is corresponding to a time-resolved curve. Phasor analysis converts
each time-resulted curve into a point in the phasor space (Digman et al., 2008). In other words, the
phasor of the same material will cluster, while that of different materials will be evidently
separated from each other. Once the clusters in phasor space are generated, their corresponding
pixels can be retrieved as well. The output of phasor analysis includes phasor clusters, the
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corresponding pixels and decay curves. Phasor analysis has been applied to analyzing TA data in
a few studies (Robles et al., 2012, Miyazaki et al., 2014).

1.7

Summary

Innovation in technology can provide opportunities to enable new scientific discoveries. As a
biology Ph.D. student, I have focused my thesis research on trying to introduce label-free imaging
into life sciences and looking for opportunities to enable new findings in basic biological sciences.
Retinoids are essential vitamins in metazoan. However, the lack of proper imaging tools for it
limits our understanding of its distribution, storage and dynamics at cellular level. Equipped with
hyperspectral SRS microscopy and C. elegans model, we set out to perform label-free imaging of
retinoids and tried to uncover the physiological function of retinoids in C. elegans lipid metabolism
and survival under stress (see chapter 3).
In metazoan, heme is the active prosthetic group of many important structural and enzymatic
proteins. A deep understanding of heme trafficking, storage and interactive dynamics is important
for eukaryotic biology and developing new drugs against helminth parasites. Although current
heme imaging methods – ZnMP, fluorescent sensor and HRP-based sensor – have facilitated the
discovery of a few heme transporters in C. elegans model, understanding the interactive behavior
and the regulation of these transporters still calls for direct and non-invasive imaging tool. We
introduce TA microscopy to study heme storage and trafficking in C. elegans, demonstrating the
potential of TA microscopy to provide insights into mechanics and dynamics of heme transporters
at cellular level (see chapter 4).
Malaria is responsible for a few hundreds of thousands of deaths each year globally. Growing drug
resistance in malaria posts a huge challenge to public health. To answer for this challenge, we
proposed using TA microscopy to study the interaction of anti-malaria drug with hemozoin, thus
adding important pieces of knowledge on anti-malaria drug mechanisms. In addition, we
demonstrated that TA imaging can potentially enable efficient high-emerging screening platform
for anti-malaria drugs (see chapter 5).
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CHAPTER 2. MATERIALS AND METHODS

2.1

Single-frequency SRS microscopy

A tunable 80 MHz pulsed laser (Insight DeepSee, Spectra Physics, Santa Clara, CA, USA)
provides 2 outputs. The pump beam has a tunable range from 680 nm to 1300 nm. The maximum
power output is 1000 mW. The pulse duration is 120 fs. The stokes beam is fixed at 1040 nm. The
maximum power of this beam is 500 mW. The pulse duration is around 200 fs. The stokes beam
was modulated with an acousto-optic modulator (Isomet 1205-C) at around 2.3 MHz. The pump
beam went through a delay stage, and then aligned collinearly and combined with stokes beam
before being sent to a home-build laser scanning microscope. Either a 40X (Olympus
UPlanApo/IR) or 60X objective (Olympus UPlanApo/IR) was used for imaging. After going
through objective and specimen, pump beam was collected by an oil condenser (Olympus U-AAC)
and directed into photodiode (Hamamatsu 3994). The signal was then sent to be extracted in a
frequency lock-in amplifier. The imaging data is projected and presented on computer. Imaging
data can be stored as .txt files and analyzed using ImageJ or spectral resolving methods. This part
was adapted from (Chen, 2018).

2.2

hyperspectral SRS microscopy

In hyperspectral SRS microscopy mode, both beams went through 2 glass rods after they were
combined. The glass rods chirp pump and stokes beams on spectral domain, allowing the Raman
shift to be tuned within a 300 cm-1 window by tuning the position of the delay stage. Hyperspectral
SRS images were taken as a series of single color images, with a small increment of Raman shift.
The final image stack covered ~300 cm-1. Hyperspectral SRS data was analyzed using multivariate
curve resolution (MCR) (Duponchel et al., 2003), components can be identified by taking
advantage of their characteristic Raman bands (Zhang et al., 2013). Images of major components
and the corresponding spectra were generated.

2.3

Transient absorption microscopy

The laser source was a femtosecond pulse laser (Spectra-Physics Insight) operating at 80 MHz
with 2 synchronized outputs. Lasers at 520 and 780 nm were chosen as pump and probe beams,
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respectively. The pump beam was modulated at ∼2.5 MHz using acoustic-optical modulator
(Isomet 1205-C); the probe beam went through a delay-tuning stage and combined with pump
beam. The combined beams were directed to a 60×, 1.2 NA water immersing objective (Olympus
UPlanApo/IR). After interacting with the specimen, photons were collected by a 1.4 NA oil
condenser (Olympus U-AAC) and filtered to let probe beam through. The probe photons were
detected using a photodiode (Hamamatsu 3994), and the modulated transient absorption signal was
amplified by a lab-made resonant circuit. The signal was then further amplified and extracted by
lock-in amplifier (Zurich Instrument HF2LI) with time constant setting as 7 μs. To record timeresolved TA curves, a delay tuning stage was used to tune the delay between pump and probe
pulses, with 66.7 fs per step. A whole frame was recorded at each delay position before the stage
moved to the next delay position. The delay curve was processed using ImageJ software and
plotted using Origin software. Decay curve was fitted with double exponential decay model as
described previously (Staleva and Hartland, 2008). Note: This part was adapted from (Chen et al.,
2018).

Figure 2.1 Scheme of TA microscope.
DS: delay stage; M: mirror; SM: scanning mirror; PD: photo-diode; Ref: reference. Note: this
scheme was adapted from (Chen et al., 2018).
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2.4

Spontaneous Raman spectroscopy

Spontaneous Raman spectroscopy was performed on Horiba confocal Raman microscope (Horiba
Scientific Labram HR Evolution) in accordance with the user’s manual. Worms were inspected
using built-in bright field microscopy to determine the point of interest. Key parameters of
retinoids and heme experiment: pinhole size: 50 μm; dwell time: 1 s. Laser wavelength: 532 nm;
laser power: 1%; pinhole size: 50 μm; dwell time: 5 s; objective: 40X air; grating: 600 l/mm. Note:
this part was adapted from (Chen, 2018).

2.5

LC/MS/MS

Retinoids were extracted using hexane extraction according to the protocol described in previous
studies (Kitagawa and Hosotani, 2000). Lipid chromatography was performed to separate the
retinoid fraction from lipids and other hydrophobic component. Next, the retinoid fraction was
mixed with trans deuterium-labeled retinoic acid for quantification before it was loaded onto QQQ
mass spectrometry analyzer. Each retinoid species was represented by a unique product ion. The
absolute level of individual retinoid species was quantified by comparing the frequency of its
unique product ion to that of internal reference (d5-retinol, Cambridge isotope). Protein level was
determined by Bradford assay and used for normalization between different treatments. Note: this
part was adapted from (Chen, 2018).

2.6

C. elegans husbandry and handling

For retinoids experiment (Chapter 3), C. elegans husbandry and handling were proceeded
according to the protocol documented in wormbook (Stiernagle, 2006). Worms were maintained
on NGM plates and kept in 15℃ incubator (Tritech research DT2-MP-47L). Worms treated on
conditioned plates for SRS imaging were kept in 20℃ incubator. Worm synchronization was
proceeded by bleaching and L1 arrest in M9 buffer. Note: this part was adapted from (Chen, 2018).
For TA imaging of heme trafficking (Chapter 4), WT, IQ6011, LRO marker glo-1:gfp, mrp-5
deletion strains were provided by Dr. Iqbal Hamza’s lab. To incubate worms with various
concentrations of hemin (Frontier Scientific H651-9), worms were cultured on NGM plates and
synchronized by bleaching and L1 arrest (Stiernagle, 2006). 2 mmol hemin stock (dissolved in
0.3N NH4Cl, pH 8.0) was diluted in mCeHR2 medium to the desired concentration before worms
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were added. RNAi knockdown was performed in accordance with the protocol documented in
Wormbook (Stiernagle, 2006). To immobilize worms for imaging, worms were harvested and
washed using M9 buffer 3 times to remove medium residues and then anesthetized in 20 mM
NaN3 (Sigma S2002) for 10 min. One hundred to two hundred worms were added on pre-dried 1%
agarose (Thermo 16500500) pad sandwiched between cover glasses (VWR 16004-338). Note: this
part was adapted from (Chen et al., 2018).

2.7

Cell culture

HEK293A cell line was provided by Dr. Iqbal Hamza’s lab. Cells were cultured in DMEM medium
(Thermo 11965092) with 10% fetal bovine serum (Corning 35-010-CV) and 100 U/mL
penicillin/streptomycin solution (Thermo 15140122). Prior to imaging, cells were washed with
phosphate buffered saline (PBS, Thermo 10010023) 3 times to remove medium residue and soaked
in PBS for imaging. Note: this part was adapted from (Chen et al., 2018).

2.7

Conditioned plate preparation

Preparation of standard plates and solutions for retinoids experiments (chapter 3) followed
protocol presented in wormbook (Stiernagle, 2006). Vitamin A supplement plate was prepared by
adding 10 μl 0.5 M vitamin A stock onto 60 mm petri dish when E. coli was seeded, solution was
streaked out evenly. Plates were kept in dark to avoid degradation by light exposure. Retinal
supplement plate was added prepared in the same way, 150 mM stock solution was used instead.
To prepare low retinoids plate, NGM plate was prepared without peptone. OP50 E. coli was
cultured overnight in LB medium before washed twice, and transferred at 1:100 ratio to M9
medium supplemented with 0.5% glucose and 1X amino acids mixture (Sigma M5550). After
culturing for 2 days, bacteria were condensed and seeded onto peptone-free NGM plates to form
lawn at 20 ℃. Note: this part was adapted from (Chen, 2018).

2.8

Lifespan assay

To assess worm lifespan, worms were synchronized by bleaching and L1 arrest overnight before
seeded onto NGM plates. Worms reached L4/adult stage after about 48 hours development at 20
℃, late L4 were picked onto assay plates containing 40 μM FUDR. 30-40 worms were placed on
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each plate and each condition included 3-4 plates. Assay plates were kept in 20℃ incubator and
examined every two days. The number of total worms alive, dead, censored were counted. Data
were analyzed using Prism 7.0 and presented in the format of survival curve. Log-rank test was
applied for the statistical significance test. Note: this part was adapted from (Chen, 2018).

2.9

Dauer induction and maintenance

To induce dauers, daf-c mutant strains were synchronized by bleaching and L1 arrest overnight
before they were seeded onto NGM plates and kept at 25℃. Almost 100% daf-c strains formed
dauers. To assess retinoid and lipid level in dauer worms at different ages, dauer was induced and
kept on NGM plates at 25℃. To assess the impact of retinal supplement on lipid consumption
during dauer aging, dauer was induced, and kept in M9 buffer or M9 buffer supplemented with
retinal at 25℃. Note: this part was adapted from (Chen, 2018).

2.10

Quantification and statistical analysis

Retinoid images collected using single SRS microscopy were quantified using area fraction.
Specifically, after background subtraction, the remaining number of pixels were counted in ImageJ
and normalized with the area of the worm in the field of view. Lipid stores were quantified either
by area fraction or intensity. When normalized using intensity, total intensity after background
subtraction was recorded and normalized using the area of the worm. Quantification by area
fraction and intensity yielded equivalent results. For retinoid and lipid store images, one tailed
student’s t test was used for testing statistical significance. For C. elegans survival curves, logrank test, performed using Prism 7.0, was used. Note: this part was adapted from (Chen, 2018).
Quantification of heme level inside a worm was performed by either intensity or area. In general,
a constant threshold was applied to the raw images to filter out background, and then the intensity
or the area of the heme-indicating pixels were calculated using ImageJ and normalized by the total
pixel number of a worm imaged, which was calculated by manually defining the boundary of worm
using the transmission image of the same field of view and then tallying the pixel number using
“Measure” function in ImageJ software. Sensitivity of TA microscopy for hemin was obtained by
finding the concentration of hemin where signal-to-noise ratio was 2.0. Statistical Analysis Onetailed Student’s t test was used for all significance tests. N is at least 5 for each group. * denotes p
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< 0.05; ** denotes p < 0.01; *** denotes p < 0.001. Note: this part was adapted from (Chen et al.,
2018).

2.11

Two-photon excitation fluorescence

Two-photon excitation fluorescence (TPEF) imaging was performed using the 780 nm pulsed laser
as the excitation light. Fluorescence emission light was collected using photomultiplier tube with
a band pass filter (ET520/40m). Note: this part was adapted from (Chen et al., 2018).

2.12

β-hematin synthesis

β-hematin was synthesized using acid precipitation method as described in (Tripathy et al., 2013).
Briefly, 0.1 M sodium hydroxide was de-oxygenized using nitrogen gas flow treatment for 15
minutes. Then 50 mg hemin chloride solution (0.8 mM, Sigma Aldrich 51280) was dissolved in
10 ml of the de-oxygenized sodium hydroxide solution, which was prevented from light exposure.
0.4 ml propionic acid was added dropwise over 20 minutes while the solution was stirring at 200
rpm. Then the mixture was left to anneal for 18 hours at 70 ℃. Apply 3 washes with 0.1 M sodium
bicarbonate, alternating with water wash, to remove the amorphous aggregates. Then apply 3 more
washes using HPLC grade methanol (Sigma Aldrich 34860) alternating with water. The solid
reactants were dried overnight over phosphorus pentoxide (Sigma Aldrich 431419) to produce βhematin crystal.

2.13

Malaria culture and fixation

Live and fixed Plasmodium falciparum 3D7 strain was cultured and provided by our collaborators
Selena Bopp and Robert Summers from Wirth lab, Harvard School of Public Health. In brief, P.
falciparum was kept in cell culture flasks (Corning 430825) with blood (New York blood center)
and 5 ml RPMI 1640 (Thermo Fisher 11875093) + 10% fetal bovine serum (Neuromics FBS001),
which was put in 37 °C in a cell incubator. Culture medium was changed daily. P. falciparum 3D7
was sub-cultured about twice per week to keep the parasitemia below 5%. Sub-culture started with
sorbitol synchronization (Lambros, 1979). Specifically, malaria culture was centrifuged for 5
minutes at 200 g. Then the pellet was resuspended in 2.5 ml aqueous 5% D-sorbitol and kept it for
5 minutes at room temperature. The mixture was centrifuged, the pellet was resuspended again
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using equal volume (about 0.5 ml) of RPMI 1640 with 10% FBS supplement. New blood was
added to the culture to make the parasitemia around 0.1%. The culture was then maintained as
described above. P. falciparum fixation is done by dipping into 5% methanol (Sigma Aldrich
322415) for around 4 seconds.

2.14

Scanning electron microscopy

Scanning electron microscope (SEM) images were taken by using Zeiss Supra 55 VP. β-hematin
powder was dispersed in ethanol and dried on silicon wafer. The sample was mounted on
aluminum stubs and coated with platinum for imaging. Electron beam voltage was applied at 3 kV,
the beam aperture size is 30 μm.
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CHAPTER 3. HYPERSPECTRAL SRS IMAGING REVEALS RETINOID
MEDIATES SURVIVAL VIA LIPID METABOLISM

3.1

Synopsis

In this chapter, we applied hyperspectral SRS imaging to C. elegans model. For the first time, we
directly visualized the in vivo distribution of retinoids. We characterized the distribution of
retinoids in different developmental stages of larvae, adults as well as dauer. Following the
temporal dynamics of retinoids, we revealed that retinoid levels is positively correlated with fat
storage, and retinoid supplementation slows down fat loss during dauer starvation. We also
discover that retinoids promote fat unsaturation in response to high-glucose stress, and improve
organism survival. Together, our studies report a new method for tracking the spatiotemporal
dynamics of retinoids in living organisms, and suggest the crucial roles of retinoids in maintaining
metabolic homeostasis and enhancing organism fitness upon developmental and dietary stresses.
Note: part of the synopsis was adapted from (Chen, 2018), in which the results in this chapter were
published.

3.2
3.2.1

Results

Hyperspectral SRS analysis of C. elegans reveals retinoid

When we applied hyperspectral SRS microscopy to scan live C. elegans, we discovered an
unknown species (red pseudo-colored) in addition to previously characterized lipid (green pseudocolored) and protein (cyan pseudo-colored) signals, and lysosome-related organelles (blue pseudocolored) (Fig 3.1a). The spectrum of this new species is distinct to that of lipids, proteins or
lysosomal components, which has a major peak around 1580 cm-1 and a minor peak around 1655
cm-1 (Fig 3.1b). Interestingly, the peak at 1580 cm-1 resembles a characteristic peak of retinoids
(Marzec et al., 2015). To confirm this assignment, we measured the Raman spectra of three major
members of retinoids, including vitamin A, retinal, and retinoic acid. Indeed, the spontaneous
Raman spectra of all three compounds show a characteristic peak at 1580 cm-1 (Fig 3.1c), which
is attributed to the stretch vibration of C=C bonds in the retinoic chain (Movasaghi et al., 2007).
Furthermore, the hyperspectral SRS spectra of pure vitamin A, retinal and retinoic acid compounds
all show a strong peak around 1580 cm-1 (Fig 3.1d, yellow area), which closely resemble the
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spontaneous Raman spectra of these compounds (Fig 3.1e). On the other hand, the minor peak
around 1655 cm-1 in the spectrum (Fig 3.1c, red arrowhead) likely originates from the alkanal
group in retinal (Movasaghi et al., 2007). Together, these results reveal a previously unknown store
of retinoids in C. elegans, demonstrating the power of hSRS imaging for in vivo metabolite
fingerprinting. Note: this part was adapted from (Chen, 2018), in which the results were published.

Figure 3.1 Hyperspectral SRS imaging identified retinoids storage in C. elegans.
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a and b. Hyperspectral SRS and MCR analysis of WT C. elegans yielded the images a and Raman
spectra b of lipids, lysosome-related organelle (LRO), proteins/background and a new component
later found to be retinoids. c. Spontaneous Raman spectra of Vitamin A, retinal and retinoic acid.
d and e. Raman spectra of vitamin A, retinal and retinoic acid were generated using hyperspectral
SRS and spontaneous Raman spectroscopy, respectively. In d, 1580 cm-1 region was highlighted
in brown. Laser power: pump beam = 50 mW, stokes beam = 50 mW. Pixel dwell time: 10 µs.

3.2.2 Vitamin A feeding leads to increased retinoid accumulation determined by SRS
microscopy
Note: this part was adapted from (Chen, 2018), in which the results were published.
The intensity of SRS signal is linearly correlated with the concentration of the target molecules.
To examine whether SRS imaging provides a direct, quantitative measurement of retinoid levels
in vivo, we imaged wild type (WT) worms grown on either regular or high retinoid condition with
exogenous vitamin A supplementation (Fig 3.2a), and then used the signal intensity at 1580 cm-1
for quantification. At the same time, the SRS images at 1655 cm-1 that are attributed to alkyl C=C
bonds were acquired to show the outline and morphology of animals (Fig 3.2a). Compared with
the control, there is a significant increase of SRS signal at 1580 cm-1 in animals supplemented with
vitamin A (Fig 3.2b, p < 0.01), supporting that SRS imaging can directly track changes of retinoid
levels in live animals.

a

b

FFigure 3.2 Comparison of retinoids in control and vitamin A fed worms.
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a. WT worms kept in normal condition or condition supplemented with vitamin A were imaged
using SRS microscope at 1580 cm-1 (retinoid C=C) and 1655 cm-1 (alkyl C=C bond). b.
Quantification of retinoids in a. A threshold was applied to filter out background, the remaining
pixel numbers were counted, and normalized using the area of worm; N=5; ** denotes p <= 0.01.
Laser power: pump beam = 50 mW; stokes beam = 50 mW. Pixel dwell time: 10 µs. Note: the
figure and captions were adapted from (Chen, 2018), in which the results were published.
3.2.3 Retinoid depletion and supplement change retinoid accumulation accordingly as
determined by SRS microscopy
Note: this part was adapted from (Chen, 2018), in which the results were published.
Our initial imaging of retinoids in WT and the insulin/IGF-1 receptor mutant, daf-2(e1370) using
hSRS showed that the daf-2 mutant has a higher level of retinoids that WT (Fig 3.3a and b). We
thus create a retinoid deprivation condition in the daf-2 mutant to further validate the quantitative

a

b

Figure 3.3 dietary manipulation of vitamin A mirrors SRS signal change
a. daf-2(e1370) worms kept in normal, low retinoids and vitamin A supplemented conditions were
imaged using SRS microscope as described in Fig 3.2a. b. Retinoids in a were quantified the same
way as described in Fig. 3.2b; N=5; *** denotes p <= 0.001. Scale bar: 15 μm. Laser power: pump
beam = 50 mW; stokes beam = 50 mW. Pixel dwell time: 10 µs.

capability of SRS imaging. To deplete retinoids in the diet as much as possible, OP50 Escherichia
coli, the food source of worms, was cultured in defined M9 medium. Moreover, NGM plates where
the worms are raised on were prepared without adding peptone, which is the only source of
retinoids from the plate. Collectively, we define this combination (M9 + peptone-free NGM plate)
as a low retinoid dietary condition. The daf-2 mutant worms were synchronized and kept on
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conditions with a normal diet, a low retinoid diet, or a low retinoid diet supplemented with vitamin
A. SRS images at 1580 cm-1 and 1655 cm-1 were captured in worms at the L2 developmental stage
(Fig 3.3a). The result, as quantified based on the SRS signal intensity, shows that the retinoid level
is significantly decreased with a low retinoid diet (Fig 3.2b, p < 0.001), but fully rescued by the
vitamin A supplementation (Fig 3.3b, p < 0.001). Altogether, these data demonstrate the SRS
signal intensity at 1580 cm-1 as a quantitative measurement of retinoids in live organisms.
3.2.4

SRS quantification result was confirmed by LC/MS/MS

Importantly, biochemical analysis of three retinoid species, retinoic acid, retinal, and vitamin A
using Liquid Chromatography coupled with tandem Mass Spectrometry (LC/MS/MS) confirms
the SRS-based quantification results. In animals grown on regular conditions, no clear peaks of
any retinoid species were detected (Fig 3.4a and b), and only trace amount of retinal was identified
after close examination (Fig 3.4a and b). Strikingly, upon access vitamin A supplementation, levels
of retinal and retinoic acid, but not vitamin A are significantly increased (Fig 3.4a). These results
not only validate the quantification results based on SRS imaging, but also suggest that
supplemented vitamin A is predominantly metabolized into retinal and retinoic acid in C. elegans.
Therefore, we reason that retinal and retinoic acid are the active, preferential forms of retinoid
reservoir. Note: this part was adapted from (Chen, 2018), in which the results were published.
Figure 3.4 LC/MS/MS quantification of individual retinoid species.

a

b
WT

RA
RALD
VitA

WT + VitA

ISTD

RA
RALD
VitA
ISTD

a. Mass spectrometry quantification of vitamin A, retinal and retinoic acid in WT worms kept in
normal and vitamin A supplemented conditions. b. Chromatogram of LC/MS/MS experiment in a.
Note: the figure and captions were adapted from (Chen, 2018), in which the results were published.
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3.2.5

Retinoid level increases as C. elegans develops

Note: this part was adapted from (Chen, 2018), in which the results were published.

a

b

Figure 3.5 SRS quantification of retinoids in different development stages of worms.
a. SRS (1580 cm-1) imaging of retinoids in WT L2, L4 and adult worms and dauer induced from
daf-2(e1370); scale bar: 20 µm. b. Quantitative analysis of retinoids in a, * denotes P <= 0.05.
Laser power: pump beam = 50 mW; stokes beam = 50 mW. Laser power: pump beam = 50 mW;
stokes beam = 50 mW. Pixel dwell time: 10 µs. Note: the figure and captions were adapted from
(Chen, 2018), in which the results were published.

Having validated that SRS imaging effectively quantifies retinoid level in live worms, we next
took advantage of this imaging tool to quantify retinoids in different stages of WT C. elegans as
well as dauer induced from daf-2(e1370) mutant. We found that retinoid levels increase with
developmental time (Figure 3.5a). There is significantly more retinoid accumulation between L2
and each one of the other stages (Figure 3.5b). Surprisingly, dauer larvae exhibits a dramatically
higher level of retinoid accumulation than other forms of worms (Fig 3.5a and b). This suggests
that retinoid may play a role in dauer physiology.
3.2.6

Retinoid level mirrors lipid stores in dauers

Note: this part was adapted from (Chen, 2018), in which the results were published.
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In C. elegans, mutations in insulin/IGF-1 receptor/daf-2, TGF-β receptor/daf-4, and guanylyl
cyclase/daf-11 lead to constitutive dauer formation at 25℃ non-permissive temperature

a

b

c

Figure 3.6 SRS quantification of retinoids and lipids in dauers.
a. SRS imaging of retinoids (1580 cm-1) and lipids (2857 cm-1) in the first 2 pair of intestine cells
in WT L3 and dauer induced from daf-4(ok827), daf-4(m63) and daf-11(m47); scale bar: 15 µm.
b and c. Quantification of retinoids and lipid in a, respectively. Laser power: pump beam = 50 mW;
stokes beam = 50 mW. Pixel dwell time: 10 µs. Note: the figure and captions were adapted from
(Chen, 2018), in which the results were published.

(Fielenbach and Antebi, 2008, PJ, 2007). We found that increased levels of retinoids in all three
mutants compared to controls (Fig 3.6a, left), suggesting that retinoid accumulation is a general
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phenomenon associated with dauer formation and maintenance, but not restricted to a specific
dauer inducing mechanism.
At the dauer stage, animals can survive for months without food intake, which is supported by
access accumulation and effective usage of fat storage. SRS signals at 2857 cm -1, which are
attributed to C-H2 vibration, are quantitative measurements of fat storage in live animals. Based
on these signals, we measured fat content levels in the dauer constitutive mutants, daf-4(ok827),
daf-4(m63) and daf-11(m47). Interestingly, fat storage increases in all three mutants, and their
induction levels are positively correlated with the retinoid levels (Fig 3.6b and c). Based on these
results, we hypothesize that retinoids might regulate fat storage in dauer animals.

3.2.7

Retinal slows down the depletion of lipid consumption in dauers

Note: this part was adapted from (Chen, 2018), in which the results were published.
To test the hypothesis that whether retinoids regulate fat storage in dauer worms, we first
monitored changes in the levels of retinoids (1580 cm-1) and fat storage (2857 cm-1) simultaneously
using SRS microscopy during dauer maintenance. We found that fat storage levels gradually
decrease with increasing time in the daf-4(m63) dauer mutants (Fig 3.7a), and by day 16, less than
20% of fat stores are retained compared to day 0 (Fig 3.7a). Consistently, retinoid levels also
decrease with time and show similar dynamics as fat stores do (Fig 3.7a). This result indicates that
retinoid and lipid reservoirs exhaust in a correlated manner as dauer animals age. Next, to
investigate whether retinoids can directly regulate fat storage, we kept dauer animals in either M9
buffer or M9 buffer supplemented with retinal, which is the predominant form of retinoids in C.
elegans, and monitored their fat storage levels at different dauer ages using SRS microscopy. We
found that at day 0, fat stores are not significantly different between two groups (Fig 3.7a), but at
day 14, fat stores are much better maintained in the dauer animals supplemented with retinal (Fig
3.7b). Strikingly, after 2 months, when more than 90% of fat stores are exhausted in the controls,

37
retinal supplemented animals maintain 75% of their fat storage (Fig 3.7a). Together, these results
suggest that retinoid levels play crucial roles in regulating fat

a

b

Figure 3.7 Retinoids and lipid in dauers with retinal supplement.
a. Retinoid and lipid stores in dauer aged at day 0, 7 and 16 were measured using SRS (1580 and
2857 cm-1 respectively) microscope. Quantification: a threshold was applied to filter out
background, the remaining pixel number was normalized with the total pixel number of the worm;
*** denotes p <= 0.001. b. Lipids in dauers kept in M9 buffer or M9 buffer supplemented with
retinal were monitored using SRS (2857 cm-1) microscope and quantified as described in a. Laser
power: pump beam = 50 mW; stokes beam = 50 mW. Pixel dwell time: 10 µs. Note: the figure and
captions were adapted from (Chen, 2018), in which the results were published.

mobilization, which is essential for organism survival, during dauer maintenance. Note: this part
was adapted from (Chen, 2018), in which the results were published.
3.2.8

Retinal supplement rescues the short lifespan induced by 2% glucose

Note: this part was adapted from (Chen, 2018), in which the results were published.
Metabolic balance is a key factor for organism health and survival. In particular, glucose
metabolism, lipid metabolism and their interactions are implicated in the longevity regulation
(Schulz et al., 2007, Lee et al., 2009). High glucose diets lead to metabolic disorders in mammals
(Baur et al., 2006), and shorten lifespan in C. elegans through altering lipid homeostasis (Lee et
al., 2009, Kimura et al., 1997). Given the close association between retinoids and lipid metabolism,
we ask whether retinoids could influence organism lifespan under high-glucose stress. Consistent
with the previous studies (Lee et al., 2009, Kimura et al., 1997), we found that high glucose diets
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shorten the lifespan of WT animals (Fig 3.8a and b). Interestingly, retinal supplementation is
sufficient to extend the lifespan of those animals with high glucose diets (Figure 3.8b), although it
slightly shortens the lifespan of WT animals with normal diets (Fig 3.8a).

a

b

Figure 3.8 Lifespan assays of worms at various conditions.
a. Lifespans of WT worms kept on M9 + peptone-free NGM plate or M9 + peptone-free NGM
plate + retinal were measured. b. Same measurement as a, except 2% glucose was added to plates.
Survival curves are significantly different, as tested by Log-Rank test using Prism 7.0 software.

3.2.9

Lipid desaturation couples the lifespan rescue by retinal supplement

Note: this part was adapted from (Chen, 2018), in which the results were published.
To investigate whether this lifespan regulatory effect conferred by retinoids is associated with
changes in lipid metabolism, we profiled both total fat content levels and unsaturated fat content
levels using SRS microscopy. For lipids containing unsaturated fatty acids, SRS signals at 3005
cm-1 derived from the C-H vibration of alkene (-C=C-H) are linearly correlated with their levels
(Movasaghi et al., 2007). Together with the SRS signals at 2857 cm-1 for total lipids, the ratio of
SRS signals at 3005 cm-1 over those at 2857 cm-1 provide a direct measurement of unsaturation
levels of fat storage in vivo (Li et al., 2017). Using this method, we found that retinal
supplementation significantly increases the level of unsaturated fat storage (Fig 3.9a and b, p <
0.01). Excessive glucose uptake provokes de novo synthesis of saturated fatty acids, which can
lead to lipotoxicity if lacking sufficient desaturation and subsequent storage into lipid droplets.
Our results show that retinoids can facilitate fatty acid desaturation and incorporation into lipid
droplets for storage, which reduces lipotoxicity caused by excessive glucose uptake, and protects

39
organisms against high-glucose stress during aging. Note: this part was adapted from (Chen, 2018),
in which the results were published.

a

b

Figure 3.9 SRS quantification of lipid unsaturation level in glucose fed worms.
a. Lipid droplet in Fig 3.9b were measured for unsaturation level (SRS intensity ration: 3005 cm1
/2857 cm-1) using SRS imaging. b. Quantification of unsaturation levels of lipid droplet in a; **
denotes p <= 0.01. Laser power: pump beam = 30 mW; stokes beam = 100 mW. Pixel dwell time:
10 µs.
3.3

Discussions

Together, these studies demonstrate a chemical imaging method to visualize retinoids at the
subcellular level in live organisms. Interestingly, single-color SRS imaging indicates that retinoids
exist as granules in the cytosol that are distinct from lipid droplets and lysosome-related organelles.
Further studies, using simultaneous SRS and two-photon excited fluorescence microscopy and
fluorescent labeling for different cellular compartments, are expected to reveal the identity of these
retinoid-enriched organelles. Our studies also discover the beneficial effect of retinoids in
attenuating high-glucose-induced toxicity by regulating lipid composition. High carbohydrates
diet is tightly linked with the increase risk of obesity, diabetes and cardiovascular diseases in the
current modern society (Wang et al., 2003, Hirabara et al., 2010). Our discovery suggests dietary
supplementation of retinoids as an effective nutraceutical strategy to combat these health issues
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associated with high carbohydrates diets. Note: this part was adapted from (Chen, 2018), in which
the results were published.
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CHAPTER 4. TRANSIENT ABSORPTION MICROSCOPY IMAGING OF
HEME DYNAMICS IN LIVING ORGANISMS

4.1

Synopsis

Heme, a hydrophobic and cytotoxic macrocycle, is an essential cofactor in a large number of
proteins and is important for cell signaling. This must mean that heme is mobilized from its place
of synthesis or entry into the cell to other parts of the cell where hemoproteins reside. However,
the cellular dynamics of heme movement is not well understood, in large part due to the inability
to image heme non-invasively in live biological systems. Here, using high-resolution transient
absorption (TA) microscopy, we showed that heme storage and distribution is dynamic in C.
elegans. Intracellular heme exists in concentrated granular puncta which localizes to lysosomalrelated organelles. These granules are dynamic and their breaking down into smaller granules
provides a mechanism by which heme stores can be mobilized. Collectively, these direct and noninvasive dynamic imaging provide new insights into heme storage and transport and opens a new
avenue for label-free investigation of heme function and regulation in living systems. Note: this
part was adapted from (Chen, 2018), in which the results were published.

4.2

Results

4.2.1 Demonstrating TA imaging as valid method for in vivo heme imaging
The following content (text and figures) was adapted from (Chen et al., 2018), in which the results
were published.
We tested the sensitivity of our TA microscope in detecting heme in vitro. We used 200 femtosecond pulses at 520 nm and 780 nm as pump and probe beams, respectively, and fixed the onsample laser power to 5 mW and 17 mW for pump and probe. We then measured the zero-delay
TA intensities as a function of increasing concentrations of hemin solution (Fig 4.1a). TA intensity
was found to be linear with respect to hemin concentrations, as predicted theoretically (Fig 4.1b,
R=0.998). The sensitivity of our TA microscope was found to be ~9 μM heme based on a signalto-noise ratio of 2.0.
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To determine the utility of TA microscopy for heme imaging, we exploited C. elegans as an animal
model. C. elegans is a unique biological system to test instrument sensitivity and establish
threshold for detection because they do not synthesize heme; endogenous heme levels are a direct
function of exogenous heme supplementation. Synchronized wild-type (WT) L1 larvae were
grown in liquid axenic mCeHR2 medium or mCeHR2 medium supplemented with 200 μM hemin
for 3 days followed by zero-time delay TA imaging. As revealed in Fig. 4.2.1c and d, the heminfed worms display heme accumulation in the intestine, whereas only trace amount of heme was
detected in the intestine of worms kept in medium without hemin. In addition, the hemin-fed
worms displayed larger and more intense heme-containing puncta within the intestine than worms
grown in low heme medium (Fig 4.1c, d). In addition, a trace amount of heme, which is probably
from maternal passage, is observed in worms grown in medium without hemin supplementation
(Fig 4.1c). The TA imaging reveal heme storage sites within vesicle-like granules in the intestine
(Fig 4.1d), as well as in the pharynx and hypodermis (Fig 4.1g).
To further characterize the heme storage sites, we recorded and compared the TA decay curve of
the heme granules with that of hemin powder and of hemin solution, and found the former nicely
matched the decay curve of heme granule (Fig. 4.1e). These data suggest that heme might exist in
a clustered, solid-state form inside the granules. To further confirm the existence of heme inside
these granules, we recorded spontaneous Raman spectra of the heme granules from worms grown
on solid agar-based NGM with and without hemin (Fig. 4.1f). Both groups show the characteristic
peaks at 765 cm-1 and 1140 cm-1 corresponding to vibrations of C-H bond and pyrrole ring in
heme (Webster et al., 2009), also found in the control hemin solution. Taken together, these data
indicate that TA microscopy has the capacity of imaging heme in live C. elegans.
We noted that the standard procedure to grow C. elegans in most biological studies is either on
NGM agar seeded with E. coli OP50 strain (Girard et al., 2007b). Thus, we checked whether TA
microscopy has the sensitivity to probe heme granules under this condition. Fig 4.1h shows that
heme granules were observed in intestine cells of WT worms at both L2 and L4 stages. Together,
these results demonstrate that TA microscopy has the sensitivity to monitor heme stores under
normal growth conditions.
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Figure 4.1 Transient absorption microscopy for in vivo imaging of heme in C. elegans.
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Figure 4.1 continued
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Figure 1.
a. TA imaging of 20, 50, 100, 250, 500 and 750 μM hemin solution (in 0.3N NH4Cl, pH = 8.0).
Scale bar: 70 μm. b. TA signal-to-noise ratio plotted against concentration of hemin solution. Data
were fitted linearly. c, d. WT worms were cultured on NGM plates and synchronized to L1, which
were maintained in mCeHR2 medium or mCeHR2 medium supplemented with 200 μM hemin for
16 hours, then imaged using TA microscopy. Trans: transmission images. Scale bar: 20 μm. e.
Decay curves of heme granule, 1 mM hemin solution and hemin powder; about 200 pixels were
selected and averaged. f. Spontaneous Raman spectra of heme granules from worms kept on NGM
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plate and NGM plate supplemented with 200 μM hemin. 1 mM hemin solution served as reference.
Pixel dwell time: 10 μs. g. Diffused heme observed in intestine cell, pharynx and hypodermis
region. Left panel: diffused heme was observed in intestine cells in worm fed with 20 μM hemin,
displaying dynamic range: 0.32-1.17; middle panel: heme in pharynx was observed in worms fed
with 100 μM hemin, displaying dynamic range: 1.3-6.89; right panel: heme was observed
hypodermis region in worms fed with 80 μM hemin; contrast was enhanced to make hypodermis
region display evidently; displaying dynamic range: 1.11-5.18. Scale bar: 40 μm. h. Transient
absorption microscopy has the sensitivity to image endogenous heme in C. elegans. Wild type L2
and L4 worms kept on NGM plates were imaged using TA microscopy and transmission imaging;
scale bar: 15 μm; Trans: transmission image. Note: the figure and captions were adapted from
(Chen, 2018), in which the results were published.

4.2.2

Characterization of TA microscopy for in vivo heme imaging

Note: The following content (text and figures) was adapted from (Chen et al., 2018), in which the
results were published.
To examine whether TA microscopy could quantify heme uptake in worms grown under varying
heme concentrations (Chen et al., 2018), we cultured WT worms in mCeHR2 medium
supplemented with 5, 20, 50, 80 and 110 μM hemin for 16 hours, and then imaged intestinal heme
stores (Fig 4.2a). Heme accumulation in the worms corresponds to heme supplemented in the
growth medium (Fig 4.2b). Interestingly, the curve can be fitted linearly (Fig 4.2b, R2 = 0.98),
indicating the uptake of heme is not saturated even at 110 μM.
Next, we explored the accuracy of TA microscopy in monitoring heme homeostasis in C. elegans.
We used IQ6011, a strain genetically engineered to express green fluorescence protein (GFP)
driven by the hrg-1 promoter; intestinal GFP expression inversely correlates with heme
concentrations in the growth medium (Rajagopal et al., 2008). IQ6011 was grown either in
mCeHR2 medium, with or without 200 μM hemin for 11 hours, and worms were imaged for heme
and GFP using TA and two-photon excitation fluorescence (TPEF) microscopy, respectively. As
expected, we found a negative correlation between GFP and TA intensity (Fig 4.2c). We also noted
that in addition to the diffused GFP signal, TPEF also detected autofluorescent gut granules
(Guitart et al., 2017), which we filtered out. As shown in Fig 4.2d, when incubated with 200 μM
hemin, the intestinal heme level is significantly higher, and GFP level is correspondingly
downregulated.
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We noticed that planar imaging at focal plane creates a relative large standard deviation for
specimens with heterogeneity along z direction. Three-dimensional (3D) imaging overcomes this
problem by sampling frames along z direction. To demonstrate the 3D sectioning capability of TA
microscopy for imaging heme in C. elegans, we applied a piezo scanner and sampled the worms
along the axial direction with a step size of 0.5 μm. The spatial resolution along the axial direction
was found to be ~2.0 μm and the lateral resolution was ~0.5 μm, as determined by full-width half
maximum (Fig 4.3g). Comparing images at different depths, we found that heme levels varied
greatly, while heme levels from the planes closer to the center of the worm displayed less variations
(Fig 4.2e, z = 7.5, 10, 12.5 μm). These results demonstrate that TA microscopy can be adapted for
the 3D imaging (Fig 4.2f) and studying biological samples with axial heterogeneity.
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Figure 4.2 TA detection sensitivity, spatial resolution, and bio-compatibility for in vivo heme
imaging
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Figure 4.2 continued
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Figure 1.

a. WT worms at L1 stage were maintained in mCeHR2 medium supplemented with 5, 20, 50, 80
and 110 μM of hemin for 16 hours, then subject to TA imaging. Scale bar: 15 μm. b. Quantification
of heme level. N = 6. Linear fitting with R2 = 0.98. c. IQ6011 worms were harvested from NGM
plate and synchronized to L1, which were kept in mCeHR2 me-dium or mCeHR2 medium
supplemented with 200 μM hemin for 11 hours. Then TA and TPEF microscopy were performed
to determine heme and green fluorescence, re-spectively. The puncta were auto-fluorescent gut
granules. Scale bar: 30 μm. d. Quantification of heme level. N~8. * denotes p < 0.05. e. TA imaging
of WT C. elegans kept on NGM plate. Images at different z depths were shown. Scale bar: 15 μm.
Displaying dynamic range: 0.28-1.00. f. 3D view of heme granules in C. elegans rendered using
Im-ageJ. Scale bar: 30 μm. Pixel dwell time: 10 μs. g. Axial and lateral resolutions of TA
microscopy. Left panel: intensity profile of heme granule along z direction was plotted, curve was
fitted using Gaussian function; right panel: intensity profile of heme granule on lateral dimension
was plotted and fitted using Gaussian function.

4.2.3

TA imaging of heme dynamics in C. elegans intestine cells

Note: the following content (text and figures) was adapted from (Chen et al., 2018), in which the
results were published.
Harnessing the high-speed capacity of TA imaging (0.5 second per frame), we characterized the
dynamics of heme granules inside intestine cells of live worms. To this end, we collected WT
worms at the L4 larval stage from NGM agar plates and incubated them in mCeHR2 medium
supplemented with 200 μM hemin for 1 hour, and performed continuous TA imaging of the
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intestine. Strikingly, the majority of intracellular heme granules is dynamic and mobile; one larger
granule breaks-down into smaller granules (Fig 4.3a and b). This continuous breakdown event
presents a possible mechanism by which heme granules are metabolized and utilized. Collectively,
these direct and non-invasive dynamic imaging provide new insights into heme storage and
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transport in C. elegans.
Figure 4.3 Real-time TA imaging of heme granule dynamics in live C. elegans
a. Zero-time delay TA imaging of WT worm. Overall image was shown; worm intestinal membrane
was outlined in blue. Scale bar: 40 μm. b. Field of view in the white box was cropped and images
at different time points were shown. Sample: IQ6011 strain was kept in mCeHR2 medium
supplemented with 200 μM hemin for 1 hour be-fore TA imaging. Pixel dwell time: 10 μs.
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4.2.4

Heme was stored in lysosomal related organelles in C. elegans

Note: the following content (text and figures) was adapted from (Chen et al., 2018), in which the
results were published.
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Figure 4.4 Multimodal imaging identifies subcellular heme stores in C. elegans
a. WT worms were kept in mCeHR2 medium supplemented with 160 μM hemin for 2 days, then
imaged using SRS (C-H bond) and TA microscopy. Scale bar: 20 μm. b. WT worms were kept on
NGM plates supplemented with 100 μM hemin for 24 hours, then subject to TA imaging. Scale
bar: 30 μm. c. hJiS strain (Glo-1::GFP) was kept in mCeHR2 medium supplemented with 200 μM
hemin for 16 hours, then subject to TA and TPEF imaging for heme and green fluorescence (GFP
+ auto-fluorescence). Scale bar: 20 μm. Pixel dwell time: 10 μs.
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We reasoned that heme could be organized within lipid droplets, or enclosed by membrane
structures, such as lysosomal-related organelles (LRO) which contain cholesterol and lipofuscin
(Roh et al., 2012, Reddi and Hamza, 2016, Wang et al., 2014). We used stimulated Raman
scattering (SRS) microscopy (C-H vibration) to light up lipid droplets in the intestinal cells of C.
elegans, and imaged heme in the same field-of-view by the TA mode on the same platform. We
found that heme granules and lipid droplets do not overlap (Fig 4.4a). We then tested whether heme
granules reside in LRO which emits green auto-fluorescence upon excitation (Roh et al., 2012).
Taking advantage of this property, we applied TPEF and TA to light up LRO and heme, respectively.
Hemin-fed WT worms display solid-green fluorescence which co-localizes with heme granules
(Fig 4.4b), indicating that heme is concentrated within LRO. To confirm this result, we used GLO1, a lysosomal surface protein that localizes to the LRO, and GLO-1 fused GFP displays a ringshaped morphology (Zhang et al., 2010). We imaged heme-fed GLO-1::GFP transgenic worms
using TPEF and TA signals. As expected, the heme granules were encircled by ring-shaped LRO
membrane (Fig 4.4c). Collectively, these multi-modal imaging data reveal that heme is stored in
LROs.
4.2.5

TA microscopy reveals the distribution of heme in different tissues

Note: the following content (text and figures) was adapted from (Chen et al., 2018), in which the
results were published.
Heme import into the worm intestine is mediated by the apical transporter HRG-4, while heme
export from the intestine is mediated by the basolateral transporter MRP-5 (Yuan et al., 2012,
Korolnek et al., 2014). To genetically validate heme imaging by TA microscopy, we used hrg-4
and mrp-5 mutant worms. hrg-4 depletion by RNAi resulted in significantly lower amounts of
heme accumulation (Fig. 4.5a and b), while mrp-5 mutants (ok2067) accumulated greater amounts
of heme in the intestine (Fig 4.5c and d). In addition to storage in intestine, it has been reported
that maternal heme is transported by HRG-3 to embryos (Chen et al., 2011b). However, heme has
not been directly visualized in either oocytes or embryos. To image heme in these tissues, we
cultured WT worms in mCeHR2 medium supplemented with 20 μM heme, and imaged oocytes
and developing embryos by TA imaging. We observed trace amounts of heme in fertilized eggs
(Fig 4.5e), and a moderate level in oocytes (Fig 4.5f). These studies further support the imaging
capabilities of TA microscopy in imaging heme and screening for regulators of heme homeostasis.
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Figure 4.5 TA mapping of tissue distribution of heme inside C. elegans.
a. WT worms at L1 stage were kept on RNAi control or hrg-4 RNAi plates. L4 or adults were
subject to TA imaging. Scale bar: 25 μm. b. Quantification of heme level. *** denotes p < 0.001.
N=13 per group. c. WT and mrp-5 deletion strains were kept on NGM plates supplemented with
200 μM hemin. L4 or adults were subject to TA imaging. Scale bar: 40 μm. d. Quantification of
heme level. *** denotes p < 0.001, N=12 per group. e, f. Developing egg and oocytes of WT worm
were imaged using TA microscopy. The overlay of TA and transmission images were shown. Scale
bar: 40 μm. In a-d, pixel dwell time: 10 μs; in e-f, pixel dwell time: 50 μs.
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4.2.6

TA microscopy detects endogenous heme in mammalian cells

Note: the following content (text and figures) was adapted from (Chen et al., 2018), in which the
results were published.
To visualize heme at the cellular level, we used HEK293A cells grown with or without
supplementation of 100 μM hemin (Fig 4.6a). Under basal conditions, heme signals were observed
as perinuclear which intensified in the presence of 100 μM heme as vesicular puncta (Fig 4.6a).
The decay curve of heme granules in mammalian cells fed with 100 μM heme resembled that of
hemin solution rather than hemin powder (Fig 4.6b), suggesting that the puncta formed in the
presence of heme are likely to be soluble heme confined within membrane-enclosed structures.
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Figure 4.6 TA imaging of endogenous heme in live mammalian cells
a. HEK293A cells were kept in DMEM medium or DMEM medium supplemented with 100 μM
hemin for 2 days and subject to TA (red) and transmission (grey) imaging. Overlay of TA and
transmission images were shown. Right panel: magnification view of the area in white box. Scale
bar: 20 μm. b. Time-resolved curves of hemin solution, hemin powder, and heme cluster from
HEK293A cells treated with 100 μM hemin; about 200 pixels were selected and averaged. Pixel
dwell time: 100 μs.

4.3

Discussions

In this chapter, we demonstrated TA microscopy for imaging heme storage, distribution, and
dynamics in living biological models. The on-sample pump and probe laser powers were 6 mW
and 17 mW, respectively. We did not observe photobleaching of samples even after continuous
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imaging for over 10 minutes. The sensitivity of our TA microscope at this laser power level for
hemin solution is 9.2 μM. Although the labile heme level in worms is ~1.0 μM (Yuan et al., 2012),
heme also exists in a protein-bound state. We reason that the observed diffused heme in worms
cultured under normal maintenance condition (Fig. 4.2.1h) consists of labile and protein chelated
heme (Zhang et al., 2017).
We note that picosecond SRS microscopy has been used to image hemoglobin in red blood cells
at video rate speed (Saar et al., 2010). However, the detection sensitivity of SRS microscopy for
endogenous molecules is at milli-molar level, which is not sufficient for imaging heme uptake and
transport in biological systems. Here we show that TA microscopy has a detection sensitivity of 9
µM based on the electronic absorption at 520 nm. Such sensitivity allowed real time imaging of
heme dynamics in C. elegans.
We used the TA signal at zero-time-delay to quantify the heme level. This method lights up total
heme in living cells, including labile and protein-associated heme. Time-resolved TA microscopy
can differentiate different states of heme based on the TA signal decay rate. The challenge facing
time-resolved TA imaging is the speed. Using an optical delay line, a frame-by-frame timeresolved TA image with 200×200 pixels takes about 1 minute for 60 frames, which is not fast
enough to truly capture dynamics. Using a tuned amplifier array (Zhang et al., 2017), a parallel
excitation and sampling scheme could be developed to increase the imaging speed by 32 times.
Another approach would be to perform volumetric pump-probe imaging of heme distribution in
living organisms by using a Bessel beam geometry (Chen et al., 2017). These efforts will render
TA microscopy the potential to differentiate different states of heme, such as oxidized and reduced
heme, modified heme and hemo-protein dynamics in living organism.
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CHAPTER 5. TA MICROSCOPY IMAGING OF HEMOZOIN IN
MALARIA

5.1

Synopsis

The emerging drug resistance in malaria parasites is alarming. This situation calls for efficient
drug screening strategy and insights into mechanism known drugs. We demonstrated that TA
microscopy can separate the mixture of synthesized β-hematin and red blood cells, indicating the
potential of TA microscopy to image hemozoin crystal in vivo. Encouraged by this result, we
managed to try TA imaging of natural hemozoin within fixed and live red blood cells. The result
showed that TA microcopy can reveal hemozoin at very early stages. Altogether, these result
demonstrated that TA microscopy can be potentially used in efficient drug screening, study of drug
mechanism and early diagnosis of malaria infection.

5.2
5.2.1

Results

Synthesis and quality control of β-hematin in vitro

Hemozoin forms by orderly stacking of heme dimer. It has been demonstrated in Chapter 4 that
TA microscopy is a highly sensitive tool for heme imaging, we reasoned TA microscopy could be
similarly sensitive to hemozoin. To test this idea, we decided to use lab substitute of hemozoin –
β-hematin to perform the initial proof of concept study.
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Figure 5.1 Validating the quality of synthesized β-hematin.
a. Raman spectrum of β-hematin. Laser wavelength: 785 nm; laser power: 50%; pinhole size: 50
μm; dwell time: 10 s; objective: 40X air, grating: 600 l/mm. b. Left panel: SEM image of
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synthesized β-hematin; right panel: cryogenic soft X-ray tomography image of hemozoin in P.
falciparum cell.

We synthesized β-hematin using the acid precipitation protocol documented in (Tripathy et al.,
2013). To make sure that the desired product was synthesized, we applied spontaneous Raman
spectroscopy to determine the Raman spectrum of the product (Fig 5.1a). The Raman spectrum of
our synthesized product shows the characteristic peak of β-hematin around 750 cm-1 (Tempera et
al., 2015), confirming the successful synthesis of β-hematin.
To make sure the synthesized β-hematin had the proper sizes, we performed scanning electron
microscopy. The result showed a size ranged from 0.5 – 2.0 µm (Fig 5.1b), which is the perfect
range as reported in literature in malaria community (Huy et al., 2007). In addition, the β-hematin
crystal had flake-shaped morphology, which was similar to the shape of natural hemozoin as
determined by cryogenic soft X-ray tomography (Kapishnikov S, 2012).
5.2.2 Time-resolved TA imaging and phasor analysis differentiate hematin from red blood
cells
Hemozoin resides in the digestive vacuole of malaria, which parasitizes within red blood cells.
Because red blood cell is extremely enriched with hemoglobin, a useful imaging technology
hemozoin must be able to differentiate hemozoin from the background of hemoglobin. The
absorption spectrum of hemozoin shows a peak around 680 nm where hemoglobin virtually has
no absorption (Fig 5.2a). In addition, the absorption difference between hemozoin and hemoglobin
is big around 520 nm due to the absorption decrease from hemoglobin. Therefore, we reasoned
that using 680 nm and 520 nm pump beams are promising to differentiate hemozoin from red
blood cell.
To test this idea, we perform time-resolved TA imaging of β-hematin and red blood cell mixture.
Phasor analysis result showed that both 520 nm pump and 680 nm pump can differentiate hematin
from red blood cells (Fig 5.2b). Interestingly, when using 520 nm as pump, the pump-probe
process is transient absorption. But when using 680 nm as probe, the pump-probe signal for βhematin was photothermal effect.
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Figure 5.2 Time-resolved TA imaging of β-hematin and red blood cell mixture.
a. Absorption spectrum of hemozoin and oxy-hemoglobin. Adapted from (Rinehart et al., 2016).
b. Phasor analysis output of time-resolved TA imaging. Green: β-hematin; red: red blood cells.
Bottom panel is the retrieved spectra of each component.
5.2.3

Single-shot TA microscopy differentiates β-hematin from red blood cell background

Although time-resolved TA imaging can differentiate β-hematin from red blood cells based, the
imaging speed is fairly slow due to the need to collect about 100 frames of images. This limits the
potential application of TA imaging to high-throughput anti-malaria drug screening, monitoring
fast hemozoin dynamics. From time-resolved imaging data, we noticed that intensity difference
between β-hematin and red blood cells at zero-time delay is huge. Therefore, we proposed to use
single-shot TA microscopy at zero-time delay to differentiate β-hematin and red blood cells.
Indeed, when we used 680 nm as pump and 520 nm as probe, red blood cells were barely observed
while β-hematin showed strong signal (Fig 5.3). When we swop the wavelength of pump and probe
beam, single-shot TA is still enough to image differentiate β-hematin from red blood cells due to
the stronger TA signal of β-hematin (Fig 5.3). Together, these data demonstrated that single-shot
TA has the capability to differentiate β-hematin from red blood cells.
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Figure 5.3 TA microscopy imaging of β-hematin and red blood cell mixture.
Scale bar: 100 µm; dynamic range: 0.087 – 1.5; laser power: 20 mW. Left: pump/probe: 520
nm/680 nm; right: pump/probe: 680 nm/520 nm.

5.2.4

TA imaging differentiates natural hemozoin from red blood cells

Having proved that TA imaging can differentiate man-made hemozoin mimic from red blood cell,
we started to pursue TA imaging of natural hemozoin crystal. Since 680 nm pump gave rise to
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Figure 5.4 TA imaging of natural hemozoin.
a. Phasor analysis output of time-resolved TA imaging of natural hemozoin crystal in fixed red
blood cells. Left panel: Green – hemozoin; red – red blood cells. Right panel is the retrieved spectra
of each component. b. Single-shot TA image of hemozoin crystal in ring stage malaria.

better signal-to-noise ratio between β-hematin and red blood cells, we decided to use 680 nm as
pump beam wavelength to image hemozoin. Excitingly, hemozoin and red blood cells showed
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very distinct decay dynamics (Fig 5.4a, right). Phasor analysis clearly separated the two species,
even hemozoin is within the red blood cell (Fig. 5.4a, left).
Next, we tried single-shot TA imaging using the zero-time delay on ring stage malaria parasites.
Similar to the findings in β-hematin, we found hemozoin show several-fold stronger signal than
the red blood cell background (Fig. 5.4b). Figure

5.3

Discussion

In this chapter, we first demonstrated using β-hematin that TA microscopy could potentially be
used to study hemozoin crystal. After the proof of principle, we proved such potential directly
using natural hemozoin crystals.
There are still a few aspects which require characterization. We chose 680 nm as pump wavelength
because there is a peak around 680 nm in the absorption spectrum of hemozoin. However, this
does not guarantee that 680 nm is the best wavelength as pump. A comparison of signal-to-noise
ratio between among 680 nm – 800 nm would help determine the best pump wavelength. In
addition, the minimum pump and probe powers required to detect hemozoin, as well as the
maximum laser power without phototoxicity need to be determined.
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CHAPTER 6. FUTURE PERSPECTIVES

6.1

The function of retinoids in C. elegans dauer physiology

In chapter 3, we discovered retinoids in C. elegans. We characterized the level of retinoids in live
C. elegans, during which we discovered an increasing accumulation of retinoids as worm develops,
and a significantly higher retinoid level in dauer larvae. This triggered us to ask the question that
whether retinoids regulate dauer physiology, and what the regulating molecular pathways are by
which retinoids exert the functions.
It is known that lipid is the sole energy and nutrition source for dauer larvae (Corsi et al., 2015).
In addition, in 2009, Narbonne and Roy discovered that LKB1/AMPK gene mutation led to
premature lipid depletion in dauer as early as day 4. Interestingly, the medium survival duration
of the mutated dauer is only about 9 days, whereas at least half of the WT dauer survived more
than 30 days (Narbonne and Roy, 2009). Further investigation confirmed the causal relation
between premature lipid depletion and shortened dauer lifespan: adipose triglyceride lipase-1 (atgl1) mutation partially rescued the premature lipid depletion caused by LKB1/AMPK deletion, and
so was the lifespan of the worms with both mutations (Narbonne and Roy, 2009).
Given this knowledge, our data partially answered the first question we raised: whether retinoids
regulate dauer physiology. We believe that retinoids suppress the fast depletion of lipid reservoir
and help dauer maintenance. However, functional experiment directly assessing dauer lifespan in
worm in normal and retinal supplement condition is needed to solidify this conclusion.
In addition, dauer formation and maintenance are the two main phases of dauer physiology. Since
dauer does not forage for food, it relies on internal nutrition storage for energy. Therefore, to
prepare for dauer formation, the worm synthesizes large amount of lipids as energy and nutrition
source (Burnell et al., 2005). Since retinoids regulate lipid metabolism during dauer maintenance,
it is possible that it also facilitates lipid synthesis and thus help with dauer formation. This
hypothesis can be tested by assessing the dauer formation rate under normal, retinoid depleted and
retinal supplemented condition. Lipid level can be monitored using SRS imaging in a parallel set.

61
6.2

The molecular mechanism of retinoids in dauer physiology and survival

Although the study presented in chapter 3 established the function of retinoids as regulator of lipid
metabolism during dauer maintenance, and showed that retinal supplement can rescue the lifespan
of adult under glucose stress. The molecular pathways via which retinoids exert these functions
remain obscure. It is known that retinoids mainly activate RAR/RXR dimer, which turns on a
number of target genes transcriptionally. Thus, it is highly possible that retinoids orchestrate a few
target genes which execute the functions. Given this assumption, there are two strategies which
can be potentially used to find out the downstream target genes.
One is identifying a few probable candidate genes through literature study and testing if their lossof-function mutations could neutralize retinal supplement. In dauer, the most promising candidates
are major players in TGFβ-like, guanylyl cyclase and insulin-like pathways (Hu, 2007). Notably,
these pathways converge on daf-9 (Burnell et al., 2005), which encodes cytochrome P450 of the
CYP2 subfamily. Cytochrome P450 functions as a fatty acid hydroxylase for polyunsaturated fatty
acid in C. elegans (Kulas et al., 2008), which fits into our lipid regulation model very well. In adult,
insulin-like signaling is the major pathway regulating lipid metabolism in C. elegans (Ashrafi,
2007). The downstream lipases such as cytochrome P450 are promising targets. In addition, lipid
desaturase genes such as fat-5, fat-6 and fat-7 and their upstream regulator nuclear hormone
receptor NHR-49 are highly promising candidates as well. Fat-5, 6 and 7 each encodes a Δ-9 fatty
acid desaturase, which is required for monounsaturated fat synthesis in worms (Van Gilst et al.,
2005).
Another strategy is performing a performing a functional genetic screen for hits which abrogates
retinal supplement. This strategy can guarantee addressing the question, unless our assumption
that retinoids act through RAR/RXR is false.

6.3

Potential applications of TA microscopy in heme trafficking

In this chapter we revealed the dynamics of heme trafficking, and the subcellular storage location
of heme in C. elegans. With this proof-of-concept work, TA imaging can potentially be found
useful in addressing many other question related to heme trafficking and malaria imaging.
Firstly, TA microscopy can serve as the read-out for genetic screens aiming to identify new heme
transporters in C. elegans model. Previous genetic screenings for heme transporters supplemented
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ZnMP to worms as heme substitute, and screen for mutants displaying higher or lower ZnMP
accumulation (Rajagopal et al., 2008). Although this method assisted with the discovery of a few
heme transporters, there are two major concerns of keeping using this method in future screens.
Although ZnMP is very similar to heme structural, the ferrous ion may play critical role in the
interaction of heme with some potential heme transporters. Using ZnMP as heme substitutes will
miss these potential targets. Another concern is distracting false positive. Since ZnMP is not
metabolically active, it will not be dynamically converted and disposed in cells. Thus, mutation of
certain hits that plays very minor roles in heme hemostasis could lead to positive ZnMP readouts
as significantly as major heme transporters. These hits could waste much resource and labor in
further characterization, which could be avoid by using signal from heme as readout instead.
Secondly, TA microscopy is currently irreplaceable for analyzing and quantifying samples with
natural heme accumulation or depletion. For instance, a few highly promising hits identified from
genetic screens in C. elegans have analog in mouse and their knock-out mouse were made. To
identify, characterize and quantify the natural heme and heme aggregates at single cell level in
different tissues of the transgenic mouse, only imaging tools that picks up signals directly from
heme are feasible.
Lastly, TA imaging can be adapted to enable drug screening against helminth, especially those
drugs whose targets are heme transporters. As discussed in chapter 1, helminth post growing
concern to public health, there is a need for novel drugs against helminth. One weakness of the
inability of helminth parasites to synthesize heme, this makes heme the ‘vitamin’ of helminth
parasites. Therefore, heme uptake, trafficking and storage chaperones are proposed as the new
targets of anti-helminth drug. To screen for such drug, a sensitive imaging tool which can quickly
quantify heme at single cell precision is needed. TA imaging can meet this need with proper
upgrade: the combination of either imaging cytometry or flow cytometry with TA imaging.
Notably, TA imaging cytometry samples all cells in the well by taking a series of adjacent images,
while remaining the subcellular resolution. We are optimistic that the near future shall see the
application of TA imaging in the battle against helminth infection.
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6.4

Further improving the sensitivity of TA microscope

Heme has light absorption from 510-580 nm, and a major absorption peak centered 400 nm
(Karnaukhova et al., 2014). In the study presented in chapter 4, we used 520 nm as pump
wavelength. The underlying rationale is that heme has absorption around 520 nm, and 400 nm
pump was not instrumentally accessible for us at the time. In theory, TA signal is positively
proportional to absorption co-efficient of the pump light (Dong and Cheng, 2017). Therefore, the
sensitivity of TA microscopy can be potentially boasted about 4 times, which brings the detection
limit down to about 1 μM. This increase of detection limit could potentially enable many additional
biological applications.
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